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Abstract
This dissertation work investigated two classes of stimuli-responsive polyelectrolytes:
thermosensitive zwitterionic poly(sulfobetaine methacrylate)s (PSBMAs) and charged shapechanging star molecular bottlebrushes (SMBs). While zwitterionic polymers are explored for
numerous applications, their structure-solution behavior relationship was poorly understood. The
first part of this dissertation focused on the effects of N-substituents of PSBMAs on their behavior
in water. A series of PSBMAs were synthesized, with systematically changed N-substituents,
including symmetric N-n-alkyl substituents of various lengths and asymmetric N-substituents
comprising one methyl and either one cyclohexyl, phenyl or 2-hydroxyethyl group. The behavior
of PSBMAs with symmetric N-substituents in water varied from upper critical solution
temperature (UCST) to water-soluble, lower critical solution temperature (LCST), and waterinsoluble with increasing N-n-alkyl length due to two competing effects: weakening of zwitterionic
attractive interactions and increasing of hydrophobic effect. For PSBMAs with asymmetric Nsubstituents, while substituting the N-n-hexyl group with cyclohexyl diminished the hydrophobic
effect, making the LCST disappear, introducing an N-phenyl or N-2-hydroxyethyl substituent
enhanced zwitterionic interactions, producing UCST-type thermoresponsive polymers. A
collaborative study showed that LCST-type thermoresponsive PSBMA-based polymers were
effective kinetic hydrate inhibitors for gas and oil transportation. The second part of this
dissertation focused on star-globule shape transitions of three-arm SMBs composed of
heterografted poly(ethylene oxide) (PEO) and either protonated or iodomethane-quaternized
poly(N,N-dialkylaminoethyl methacrylate) side chains in aqueous solution. Super and moderate
chaotropic anions (CAs) were shown to induce star-globule shape changes of protonated SMBs,
caused by the ion pairing of CAs with ammonium cations and chaotropic effect. While super CA
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(e.g., [Fe(CN)6]3-)-collapsed SMBs remained in the globular state in acidic water upon heating to
70 C, moderate CA (e.g., ClO4-)-collapsed brushes exhibited globule-to-star shape transitions. In
contrast, weak chaotropic I- and kosmotropic SO42- had only small effects on the conformations of
protonated SMBs in the studied salt concentration and temperature ranges. For SMBs with
permanently quaternary ammonium groups in water, the size transitions induced by super and
moderate CAs occurred at salt concentrations much lower than those of unquaternized SMBs.
These findings not only improve our understanding of the behavior of polyelectrolytes but also
provide guidelines for design of stimuli-responsive polyelectrolytes for potential applications.
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Chapter 1: Introduction
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1. Introduction
This dissertation work is focused on the synthesis and responsive behavior of two classes of
stimuli-responsive polyelectrolytes: thermoresponsive zwitterionic polymers, specifically
poly(sulfobetaine methacrylate)s, and charged shape-changing molecular bottlebrushes (MBBs).
Polyelectrolytes are charged polymers and can exhibit large conformational changes in aqueous
solution in response to a variety of environmental stimuli, including temperature changes,
surfactants, specific ions, and oppositely charged polyelectrolytes. Section 1.1 provides a general
introduction to stimuli-responsive polymers first and then focus on thermoresponsive noncharged
water-soluble polymers (Section 1.1.1) and thermoresponsive zwitterionic polymers (Section
1.1.2). Section 1.2 concentrates on molecular bottlebrushes (MBBs) and consists of two
subsections; Section 1.2.1 gives a general description of MBBs, including main synthetic
strategies, and Section 1.2.2. is devoted to stimuli-responsive shape-changing MBBs, with an
emphasis on MBBs with bicomponent side chains. Finally, Section 1.3 presents an overview of
this dissertation research work described in Chapters 2 to 5.
1.1. Introduction to Stimuli-Responsive Polymers
Stimuli-responsive polymers are a subcategory of polymers that exhibit large and abrupt
physical or chemical changes in response to relatively small changes in their environment.1 Stimuli
fall into two categories: chemical stimuli (e.g., pH,2 salts,3 small molecules,4 and solvent5) and
physical stimuli (e.g., temperature,6 light,7 electric fields,8 magnetic fields,9 and mechanical
stress10). These stimuli can cause changes in chain conformation, surface free energy, permeation
rate, and optic, mechanical, and electrical property of polymers.1,11 Of these stimuli, pH and
temperature are the most widely used and studied because they can be easily applied to polymer
systems and are relevant to the biomedical field. Stimuli-responsive polymers are valuable for
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fundamental studies and they have been used for applications such as sensors,12 triggered drug
delivery,13 environmental remediation,14 chemical actuators,15 etc.16
1.1.1. Thermoresponsive Noncharged Water-Soluble Polymers
Thermoresponsive polymers are among the most studied and understood stimuli-responsive
polymers.1,16 Although thermoresponsive polymers have been reported in aqueous and organic
solutions, water-soluble thermosensitive polymers are the more studied and especially show
promise in biomedical applications (e.g., drug delivery, gene delivery, and tissue engineering). 17
These polymers exhibit either upper critical solution temperature (UCST) or lower critical solution
temperature (LCST) type behavior in water.18
LCST-type polymers undergo a distinct soluble-to-insoluble phase transition when the
temperature is adjusted above a critical value. The LCST is the minimum of the isobaric
temperature vs polymer concentration phase diagram (Scheme 1.1.a).18 Below the LCST, the
polymer is miscible with the solvent at all concentrations. Cloud points for a specific polymer in
water depend on several factors including concentration, molecular weight, and the presence of
other solutes. Common examples of LCST-type polymers include poly(N-isopropylacrylamide)
(PNIPAAm), poly(oligo(ethylene glycol) methacrylate)s, and poly(2-isopropyl-2-oxazoline).19 Of
these, PNIPAAm is often used as the model LCST-type polymer likely due to the bio-relevant
LCST of 32 °C across a broad concentration range. The LCST-type behavior of PNIPAAm arises
from the interactions of the hydrophilic amide moieties, hydrophobic backbone, and isopropyl
groups with water. While water interacts favorably with the amide moieties through hydrogen
bonding, water does not hydrogen bond with the backbone and iso-propyl groups. Enthalpically,
water interacts more favorably with itself than with the hydrophobic portions of the polymer.
However, at cold enough temperatures, the thermal energy of the water molecules decreases
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Scheme 1.1. Sketches of Phase Diagrams for Polymer Solutions with (a) Lower Critical Solution
Temperature (LCST) Behavior and (b) Upper Critical Solution Temperature (UCST) Behavior.17
Reproduced from Ref. 17 with Permission from MDPI.
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allowing the formation of ice-like water structures around the hydrophobic portions of PNIPAAm.
The dissolution of the PNIPAAm is favorable at lower temperatures because the entropic penalty
of forming the ice-like structures required to dissolve the polymer is small. As the temperature is
raised across the LCST, the thermal energy of water molecules increases causing more vibration
and rotation. This increased thermal energy breaks (or melts) the ice-like water structure around
the hydrophobic groups, releasing the water molecules into bulk solution, causing phase separation
(Scheme 1.2). Polymers with LCST-type solution behavior form the majority of thermoresponsive
polymers.18
In contrast to LCST-type polymers, UCST-type polymers display the opposite trend with
temperature (Scheme 1.1.b). In the isobaric phase diagram for UCST-type polymers, the watersoluble UCST-type polymers show a soluble-to-insoluble transition when decreasing the
temperature across the curve. The maximum value of this phase diagram is the UCST. Common
non-charged examples of UCST-type polymers primarily involve hydrogen bonding groups as in
poly(N-acryloylglycinamide).20 For UCST-type polymers, polymer-polymer interactions, such as
hydrogen bonding, are favored at lower temperatures. But, as the temperature is raised across the
UCST, increased thermal energy of water molecules breaks apart the polymer-polymer
interactions in favor of water-polymer interactions.
1.1.2. Thermoresponsive Zwitterionic Polymers
Zwitterionic polymers are a special class of polyelectrolytes containing oppositely charged
groups of equal magnitude in the repeat unit.21-22 Even though zwitterionic polymers possess a
high concentration of charged groups, they are neutral both locally and globally. The high charge
density grants common zwitterionic polymers high hydrophilicity,21-22 antipolyelectrolyte
behavior,23-24 and stimuli-responsive behavior.25-27 Zwitterionic polymers have potential
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Scheme 1.2. Illustration of the Hydrophobic effect for the LCST of PNIPAAm.28 Reproduced from
Ref 28 with Permission from Elsevier.
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applications in anti(bio)fouling,29-30 lubrication,31-32 cryopreservation,33 etc. Zwitterionic polymers
can be structurally diverse.21-22 Of particular interest are UCST-type thermoresponsive
zwitterionic polymers, such as poly(3-((2-methacryloyloxyethyl)dimethylammonio)propane-1sulfonate) (PDMAPS) and poly(3-(N-(3-methacrylamidopropyl)dimethylammonio)propane-1sulfonate) (PMAMPS).18, 22, 34-35 Due to the closely positioned oppositely charged groups on each
repeat unit, zwitterionic polymers can display strong polymer-polymer attractive forces through
intra-group, intra-chain, and inter-chain electrostatic interactions.18 Presumably, the competition
between the electrostatic attractive interactions and the thermal energy causes UCST-type behavior
for some zwitterionic polymers. In water, electrically charged groups can interact with either
themselves or water molecules. In the case of PDMAPS, the positively charged ammonium and
the negatively charged sulfonate can interact with each other. As temperature increases, the
thermal energy overcomes the ionic attractive forces and the zwitterionic polymer dissolves into
solution.
In 1958, Hart and Timmerman reported the first series of synthetic polysulfobetaines, and one
of their polymers, poly(2-vinylpyridine N-butylsulfobetaine), was completely soluble at room
temperature in pure water.36 Later, Monroy Soto and Galin reported that PDMAPS was also
soluble in water above 20 °C.23 Then in 1986, shortly after the monomer of PDMAPS became
commercially available, Garner and coworkers reported that PDMAPS displayed UCST-type
behavior in water.24 PDMAPS was synthesized by conventional free radical polymerization in
water at 50 °C using ammonium sulfate as the initiator. Stock solutions of the polymer were
prepared, diluted to appropriate concentrations, and equilibrated for 10 min at room temperature.
Cloud points were determined by heating the solution well above the transition temperature and
cooling in an ice/water bath. The temperature at which the solution first turned cloudy was taken
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as the cloud point. The cloud point measurements were repeated by heating from well below the
transition temperature to above. The cloud point was recorded as the temperature when the solution
just turned transparent. The differences between the heating and cooling were within 4 °C.
Despite a wide variety of structures available in zwitterionic systems,21-22 most work on
zwitterionic polymers has dealt with poly(sulfobetaine)s and some on poly(phosphorylcholine)
and

poly(3-(N-(3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate).18,

22,

34-35

Despite their potential importance in various applications, very little systematic work has been
done to try to understand the structure-solution behavior relationship.
A series of poly(sulfobetaine) polymers were made by varying the number of carbon atoms
between the ammonium and sulfonate groups from three to four, changing the N,N-substituents
from dimethyl to piperidinyl to morpholinyl, varying the number of carbon atoms from 2 to 3
between the ammonium and ester group in the poly(sulfobetaine methacrylate) with two methyl
groups at the nitrogen, and introducing a hydroxy group into the spacer between the ammonium
and sulfonate group.34-35 The polymers were made by reversible addition fragmentation transfer
(RAFT) polymerization using initiator V-501 in 2,2,2-trifluoroethanol at 75 °C. The numberaverage molecular weights were determined by comparing the UV-Vis absorbance of the
chromophore end group of the RAFT chain transfer agent (CTA) to that of the polymer. The cloud
points of the polymers were determined in 50 mg/g solutions in Milli-Q water by UV-Vis
spectrometer. The cloud points were defined as the temperature at which the % transmittance
decreased by 5% or 2% of the total difference between the maximum and minimum transmittances.
In their series, incorporating a hydrophilic hydroxy group into the spacer between the ammonium
and sulfonate group increased the UCST of the zwitterionic polymer in water (i.e., the solubility
decreased).35 However, increasing the spacer length from 3 to 4 carbon atoms also increased the
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UCST and the solubility decreased. When the ammonium group was changed from the
dimethylammonio moiety to the piperidinio ring, the polymer became completely soluble from 0100 °C, while substituting the dimethylammonio group with a morpholino group maintained the
UCST. The authors suggested that the observed differences might have to do with substituent sizes
and various interactions.
Recently, Zhao and coworkers systematically studied a series of poly(sulfopropylbetaine
methacrylate)s and observed an array of solution behavior (Figure 1.1).37 The zwitterionic
polymers were made by RAFT using AIBN as the initiator in 2,2,2-trifluoroethanol at 70 °C. The
series was created by changing one of the two methyl substituents of PDMAPS (P1 in Figure 1.1)
to ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, and n-heptyl groups. The solution behavior of the
polymers changed from UCST for P1, to soluble for P2-P4, to LCST for P5 and P6, and insoluble
for P7. This suggested that the solution behavior corresponded to the steric disruption of the
zwitterionic electrostatic interactions. Further study was needed to establish more clearly a
relationship between the structure and solution behavior of these poly(sulfobetaine)s.
1.2. Introduction to Molecular Bottlebrushes
1.2.1. Molecular Bottlebrushes: Concept, Synthesis, and Unique Characteristics
Molecular bottlebrushes (MBB)s are a subclass of graft copolymers in which side chain
polymers are densely grafted onto a backbone polymer.38-42 At high aspect ratios (brush contour
length to diameter), MBBs adopt worm-like or cylindrical conformations in good solvents due to
the steric interactions among the side chains. The densely grafted side chains lend unique
characteristics such as adjustable persistence length, low chain entanglement, and large stimuliresponsive conformational changes. These characteristics have given increased attention to MBBs
and given them potential in applications such as lubrication,31 supersoft elastomers,43 and
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Figure 1.1. As the length of one N-alkyl substituent was increased in the poly(sulfobetaine), the
solution behavior changed from UCST, to soluble, to LCST, and insoluble.37 Reproduced from
Ref 37 with permission from RSC.
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nanomaterial templating.44
With the advent of controlled/“living” polymerization techniques, development of welldefined MBBs with precise molecular weights, narrow dispersities, and varied architectures
allowed the field to grow and receive more attention. Multiple structures have been prepared for
molecular bottlebrushes with varied side chain composition, side chain distribution along the
backbone, and backbone structure.41 These molecular bottlebrushes are prepared by one of three
strategies: grafting-through, grafting-from, and grafting-to (Scheme 1.3).38 For grafting-through,
macromonomers are polymerized directly into MBBs. This method ensures a 100% grafting
density for the brushes. However, owing to the relatively slow diffusion of macromonomers to
ever increasing sterically bulky growing molecular bottlebrushes, achieving MBBs with high
aspect ratios was challenging. This disadvantage has been somewhat mitigated by using ringopening metathesis polymerization (ROMP) to give high molecular weight and well-defined
molecular bottlebrushes.45-46 However, the norbornene monomer used in ROMP means a larger
distance in the backbone between side chains compared with MBBs with a vinyl polymer
backbone.
In the grafting-from technique, an initiator-functionalized backbone polymer is synthesized
first and then the side chains are polymerized from the pendant initating groups. This method
generally gives high grafting densities and is well-suited for making homografted MBBs with only
one type of side chain polymers.47-49 However, well-defined side chain polymers can be difficult
to attain due to the increased steric hindrance around the side chains as they grow, which may lead
to increased variability in the properties of the bottlebrushes. This method is especially difficult
for growing different types of side chain polymers.
In the grafting-to preparation of MBBs, a backbone polymer is synthesized first with pendant
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Scheme 1.3. Three Strategies for the Preparation of Molecular Bottlebrushes, Grafting-To,
Grafting-Through, and Grafting-From.38 Reproduced from Ref 38 with permission from Elsevier.
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groups that can react with pre-formed side chain polymers containing complementary reactive
groups. This method enables the synthesis of homografted and heterografted molecular
bottlebrushes with well-defined backbone and side chain polymers and is compatible with a wide
variety of side chains polymers. Obtaining high grafting densities by this method had been difficult
due to the steric crowding at the backbone. However, with the use of click chemistry, such as the
copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, molecular bottleberushes with
excellent grafting densities have been prepared.50-53
1.2.2. Stimuli-Responsive Shape-Changing Molecular Bottlebrushes
When stimuli-responsive polymers are incorporated into molecular bottlebrushes as side
chains, external stimuli can trigger abrupt changes to the size and shape of brushes. These stimuliresponsive side chain polymer-containing molecular bottlebrushes possess intriguing responsive
properties, particularly unimolecular collapse and self-assembly into various morphologies.3,54-59
Earlier, Schmidt et al. reported the synthesis of thermoresponsive MBBs made by the graftingfrom technique using ATRP to grow PNIPAAm side chains from the pendant -bromoisobutyrate
initiating sites on the backbone.58 They observed by dynamic light scattering (DLS) and atomic
force microscopy (AFM) that the brushes underwent unimolecular collapse from the worm-like to
globular conformations under dilute conditions (0.03 mg/g) and in a limited temperature window.
At temperatures greater than 38 °C, above the PNIPAAm transition temperature (32 °C), the
brushes aggregated and precipitated. Later, thermoresponsive MBBs composed of a random
copolymer of N,N-dimethylacrylamide and n-butyl acrylate as side chains grown by ATRP from
the backbone were prepared.60 From DLS, aqueous solutions of these MBBs under dilute
conditions (0.1 mg/g) showed a decrease in the hydrodynamic diameter upon heating, indicating
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unimolecular collapse. But at higher concentrations (e.g., 1.0 mg/g), DLS showed an increase in
size at temperatures above the LCST, indicating intermolecular aggregation.
Müller and coworkers showed that salt-responsive polyelectrolyte MBBs underwent
aggregation except under highly dilute conditions.59 A homografted linear MBB polymer
composed of PDMAEMA side chains was made by grafting-from with ATRP, and then the
PDMAEMA was quaternized using iodomethane. The salt-responsive behavior of the
polyelectrolyte MBBs was tested at 0.2 mg/g with three salts, NaBr, K2[Ni(CN)4], and
K3[Co(CN)6]. For NaBr, DLS measurements showed an 8 nm decrease in Dh at 0.5 M NaBr. For
the other salts, DLS measurements of the brushes at 0.2 mg/g showed an increase from 44 nm to
58 nm for K2[Ni(CN)6] and to 68 nm for K3[Co(CN)6], which indicated aggregation. Under very
dilute conditions (0.02 mg/g), the authors observed unimolecular collapse by AFM. They
suggested that the higher valency of the anions induced the aggregation of MBBs.
Other stimuli-responsive MBBs reported in the literature also showed aggregation even at low
concentrations, which made the development of MBBs capable of worm-to-stable globule collapse
imperative. Recently, our lab developed a strategy for the synthesis of stimuli-responsive MBBs
that are capable of undergoing unimolecular collapse and forming stable globules. Henn et al.
synthesized binary heterografted linear MBBs composed of LCST-type thermoresponsive
poly(ethoxydi(ethylene glycol) acrylate) (PDEGEA, LCST = ~ 9 °C) and stabilizing water-soluble
poly(ethylene oxide) (PEO) as side chains.54 This bottlebrush showed stable unimolecular
reversible collapse in aqueous solution. To further test the ability of PEO to stabilize MBB
collapsed states, homografted MBBs with only PDEGEA side chains (HMB-1) and heterografted
MBBs with PDEGEA and PEO (BMB-4) were prepared via the grafting-to method by attaching
alkyne end-functionalized side chain polymers to the azide-bearing backbone polymer through
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CuAAC click chemistry (Scheme 1.4). The 1.0 mg/g aqueous solutions of both brush polymers at
0 °C were clear, but at 22 °C, above the LCST for PDEGEA, the solution of the homografted
PDEGEA brushes was cloudy, while the heterografted PDEGEA/PEO MBB stayed clear. This
supports that the incorporation of water-soluble side chains, such as PEO, stabilizes the collapsed
state of MBBs. Additionally, from DLS measurements, the heterografted PDEGEA/PEO MBB
showed overlapping size distributions at concentrations of 0.2 mg/g and 1.0 mg/g, indicating
unimolecular collapse at the higher concentration. AFM height images confirmed the thermallyinduced shape transition of the PDEGEA/PEO brushes.
Henn et al. further showed that the unimolecular worm-to-globule shape transition for linear
MBBs was possible in moderately concentrated solutions by incorporating stabilizing side chains
significantly longer than the stimuli-responsive side chain polymer (Scheme 1.5). The MBBs were
composed

of

poly(methoxytri(ethylene

glycol)

acrylate-co-2-cinnamoylethyl

acrylate)

(P(TEGMA-co-CEA), LCST =~27 °C) with a degree of polymerization (DP) of 43 and PEO with
a DP of 17 (BMB-750), 45 (BMB-2k), or 114 (BMB-5k) as side chains

55

The brushes were

prepared by the grafting-to method using CuAAC chemistry to click the alkyne end-functionalized
side chain polymers to the azide-bearing backbone. Aqueous solutions of three MBB polymers
with a 10 mg/g concentration were made and their stability at different temperatures was tested.
At 0 °C, all three solutions were clear. At 60 °C, only BMB-5k was clear, while BMB-2k had a
blue tinge and BMB-750 was cloudy. The thermoresponsive behavior of BMB-5k was further
studied by making solutions at 10, 25, and 100 mg/g in water, collapsing the brushes at elevated
temperatures, crosslinking the the UV-sensitive cinnamoyl moieties, and diluting the solution to
appropriate concentrations for DLS (0.2 mg/g) and AFM (0.05 mg/g) studies. DLS of BMB-5k at
10 mg/g and 25 mg/g indicated unimolecular collapse, while at 100 mg/g. The brushes showed
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Scheme 1.4. Illustration of the Grafting-To Preparation of Binary Heterografted Molecular
Bottlebrushes via CuAAC Click Chemsitry.54 Reproduced from Ref. 54 with Permission from
ACS.
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Scheme 1.5. Illustration of (A) Moderately Concentrated Shape Changing Behavior from Wormto-Globule and (B) Grafting-To Preparation of Thermoresponsive Binary Heterografted Linear
Molecular Bottlebrushes Containing UV-Cross-Linkable Groups.55 Reproduced from Ref 55 with
Permission from ACS.
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mostly unimolecular collapse, though large species were observed. AFM analysis supported the
DLS finding that at 100 mg/g the vast majority of the brushes collapsed unimolecularly (Figure
1.2.).
Kent and Zhao synthesized binary heterografted three-arm star brushes (Scheme 1.6)
composed of two different stimuli-responsive polymers as side chains and demonstrated the
attainment of two distinct stable globular states.57 In addition, they synthesized pH-responsive
three-arm star MBBs composed of PEO (DP = 114) and either poly(2-(N,N-dimethylamino)ethyl
methacrylate) (PDMAEMA, pKa = ~ 7.4, DP = 45), called SMB-1, or poly(2-(N,Ndiethylamino)ethyl methacrylate) (PDEAEMA, pKa = ~7.4, DP = 42), called SMB-2 (Scheme
1.7).3 The pH-responsiveness of each brush polymer was tested at 0.2 mg/g in a 10 mM phosphate
buffer at 25 °C from pH 4-9.5. From DLS measurements, SMB-1 showed a small decrease in
hydrodynamic size (Dh) around the pKa of PDMAEMA and SMB-2 exhibited an abrupt and large
decrease in Dh near the pKa for PDEAEMA. For AFM study, the brushes were spin cast onto glass
from 0.05 mg/g aqueous solutions with pH of 4.0 and 9.5 at room temperature. SMB-1 showed
contraction in the arm length, while SMB-2 underwent worm-to-globule shape transition. They
further tested the responsiveness of SMB-1 and SMB-2 in acidic aqueous solutions with a pH of
4.0 to a series of anions, [Fe(CN)6]3-, S2O82-, ClO4-, SCN-, Br-, and Cl-. DLS of SMB-1 showed
abrupt and strong decreases in Dh with increasing anion concentration for [Fe(CN)6]3-, S2O82-, and
ClO4-, and small size decreases for SCN-, Br-, and Cl- (Figure 1.3). SMB-2 exhibited abrupt and
large size transitions with increasing anion concentration for [Fe(CN)6]3-, S2O82-, ClO4-, and SCN-,
and only small size decreases for Br- and Cl-. These measurements are believed to be a result of
ion-pairing and the chaotropic effect. 1H NMR spectroscopy and AFM were used to support this
claim. 1H NMR spectroscopy of 4.0 mg/g solutions in D2O of SMB-1 and SMB-2 at pH of 4.0 was

18

Figure 1.2. AFM height images obtained from spin cast 0.05 mg/g aqueous solutions at 0 °C of
cross-linked BMB-5k onto freshly cleaved mica. The samples were diluted from the UV irradiated
samples at 25 mg/g solution (A and B) and 100 mg/g (C and D).55 Reproduced from Ref. 55 with
permission from ACS.
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Scheme 1.6. Synthetic Scheme of Heterografted Three-Arm Star Molecular Bottlebrushes.57
Reproduced from Ref 57 with Permission from ACS
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Scheme 1.7. Illustration of the Synthesis of Heterografted Star Molecular Bottlebrushes SMB-1
and SMB-2 using the Grafting-To Method using CuAAC Click Chemsitry.3 Reproduced from Ref
3 with Permission from RSC.
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Figure 1.3. (A) DLS of 0.1 mg/g aqueous solution of SMB-1 at pH 4.00 at 25 °C for (A) Dh values
for a series of salts. (B) representative size distributions [Fe(CN)6]3- at 0.01, 0.14, and 0.50 mM.3
Reproduced from Ref 3 with permission from RSC.
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performed at different concentrations of K3[Fe(CN)6]. The characteristic peaks for PDMAEMA
and PDEAEMA side chains were monitored as the concentration of K3[Fe(CN)6] in the solutions
was increased (Figure 1.4). For SMB-1, the peaks at 4.58-4.16 ppm [–OCH2CH2N+H(CH3)2],
3.67–3.41 ppm [–OCH2CH2N+H(CH3)2], and 3.20–2.83 ppm [–OCH2CH2N+H(CH3)2] decreased
significantly in intensity and became broader as the [Fe(CN)6]3- was increased to 1.0 mM.
Similarly, the characteristic peaks for SMB-2 also broadened and significantly decreased in
intensity at 1.0 mM. Aqueous solutions of SMB-1 and SMB-2 with a brush concentration of 0.05
mg/g at pH 4.0 in the presence of 0.14 mM [Fe(CN)6]3- were drop cast onto glass and AFM showed
unimolecular collapsed states.
1.3. Overview of Dissertation Research Work
This dissertation work presents the synthesis and responsive behavior of two types of stimuliresponsive charged polymers: thermoresponsive zwitterionic polymer(sulfobetaine methacrylate)s
(PSBMAs) and shape-changing polyelectrolyte molecular bottlebrushes. In the first part, a series
of zwitterionic PSBMAs with differing N-substituents are synthesized with goals of elucidating
the poorly understood structure-solution behavior relationship and investigating the effectiveness
of PSBMAs as kinetic hydrate inhibitors (KHIs) in gas and oil transportation. In the second part,
the effects of temperature on chaotropic anion-induced star-to-globule shape transitions of threearm star polyelecolyte MBBs are studied.
Chapter 2 provides a systematic study of N-substituent effects on the solution behavior of
PSBMAs in water. Specifically, we examined the effects of symmetric N-n-alkyl substituents and
various other N-substituents such as cyclohexyl, phenyl, and 2-hydroxyethyl groups. Zwitterionic
sulfobetaine methacrylate monomers with a variety of N-substituents were synthesized through
multi-step procedures and polymerized. The behavior of the obtained polymers in water was
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Figure 1.4. Deuterated solvent normalized 1H NMR spectra with different concentrations of
[Fe(CN)6]3- in 4.0 mg/g solutions of A) SMB-1 and B) SMB-2 in D2O at pH 4.00.3 Reproduced
from Ref 3 with permission from RSC.
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inspected visually first and the cloud points of thermoresponsive zwitterionic PSBMAs were
further investigated by UV-Vis spectrophotometry. The PSBMAs display an array of solution
behavior from UCST to soluble, to LCST, and insoluble in water. This array of behavior is believed
to come from the competition between electrostatic charge-charge interactions and the
hydrophobic effect. As the length of the N-n-alkyl substituents increases, the zwitterionic
electrostatic interactions decrease and the hydrophobic effect increases. Changing the N-n-hexyl
group to cyclohexyl decreases the hydrophobic effect, while replacing the N-n-hexyl with a phenyl
group caused a switch from LCST- to UCST-type polymer. Introducing 2-hydroxyethyl group as
an N-substituent enhanced attractive zwitterionic interactions, creating a UCST-type polymer.
Finally, by synthesizing a series of copolymers from a SBMA with an N-methyl and an N-phenyl
substituent and a SBMA with diethyl N-substituents, we show that the cloud point could be
adjusted by changing the monomer composition in the copolymer.
Chapter 3 presents the synthesis of a series of zwitterionic polymers for application as kinetic
hydrate inhibitors (KHIs) for gas and oil transportation pipelines. The polymers include PSBMA
homopolymers with 4-6 carbon atoms in the N-n-alkyl substituents and copolymers of a
zwitterionic sulfobetaine methacrylate monomer with one methyl and one n-hexyl at the nitrogen
atom and isopropyl methacrylate. The KHI tests showed some of our zwitterionic polymers
performed similarly to the commercially used poly(N-vinylcaprolactam).
In Chapter 4, we investigated the thermoresponsive behavior of chaotropic anion (CA)collapsed three-arm star brush polymers in acidic water. Two heterografted three-arm star MBBs
composed of PEO and either PDMAEMA or PDEAEMA were synthesized by a click grafting to
method. We first studied the effects of six salts on two brush polymers in aqueous solutions at pH
4.5, well-below the pKa values, followed by the effects of temperature on collapsed brushes. DLS
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and AFM studies showed that while super CA-collapsed brushes remained in the globular state in
the temperature range of ~ 0 to 70 °C, moderately CA-collapsed brushes were thermoresponsive
and underwent a UCST-type globule-to-extended star shape transition. For weak CAs and
kosmotropic anions, temperature had little effect on the sizes of the brushes in the studied
temperature range.
Chapter 5 presents a study on the CA-induced conformational changes in Milli-Q water for
heterografted

three-arm

star

MBBs

composed

of

PEO

and

poly((2-

(methacryloyloxy)ethyl)trimethylammonium iodide) (PDMAEMA-Q). The permanently charged
bottlebrushes were synthesized by quaternizing a PEO/PDMAEMA star brush polymer with
iodomethane. The effects of six anions (S2O82-, ClO4-, SCN-, SO42-, salicylate, and thiosalicylate)
on the conformation of the brushes were studied by DLS. The size transitions occurred at much
lower concentrations for CAs such as S2O8- and ClO4- than the PEO/PDMAEMA star MBBs in
acidic water. The observations indicated that quaternary ammonium groups in this brush system
are stronger chaotropes than protonated tertiary amine groups. Additionally, we found that two
drug relevant anions, salicylate and thiosalicylate, had an effect on the quaternized star brushes
similar to the moderate CAs. Finally, we confirmed that the size transitions exhibited by the
permanently charged brushes were a result of ion pairing of quaternary ammonium groups with
the CAs by examining the behavior a PDMAEMA-Q homopolymer in water in the presence of a
moderate chaotrope, ClO4-; This moderate CA can induce phase separation of PDMAEMA-Q in
water.
Finally, Chapter 6 provides a summary of this dissertation research and prospects in
thermoresponsive zwitterionic PBSMAs and stimuli-responsive MBBs.
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Chapter 2: Effects of N-Substituents on Solution Behavior of
Poly(sulfobetaine methacrylate)s in Water: UCST and LCST

35

The work presented in this chapter has been published in ACS Applied Polymer Materials 2021, 3,
867-878. Dr. Ning Wang synthesized the monomer M1P6, P1P6 homopolymers by RAFT
polymerization, determined the molecular weights and dispersities of P1P6 polymers by SEC,
recorded NMR spectra of P1P6 polymers, measured the cloud points of P1P6-3 and -4 in water by
transmittance, and also developed synthetic methods for M22 and M44. I did the majority of the
rest of the work presented in this Chapter and in the publication. Prof. Bin Zhao advised this work.

Abstract
A series of zwitterionic poly(sulfobetaine methacrylate)s (PSBMAs) with various N-substituents,
including n-alkyl, cyclohexyl, 2-hydroxyethyl, and phenyl, was synthesized in order to elucidate
the effects of N-substituents on solution behavior of PSBMAs in water. Upon increasing the
lengths of two symmetric N-n-alkyl substituents simultaneously, PSBMAs exhibited an array of
behavior in water, from UCST to soluble, to LCST, and insoluble, which presumably stemmed
from the competition between the decrease in electrostatic zwitterionic interactions and the
increase in hydrophobic effect with increasing alkyl length. Replacing N-n-hexyl with cyclohexyl
while keeping the N-methyl substituent diminished the hydrophobic effect and made the LCST
vanish. Introducing a 2-hydroxyethyl or a phenyl N-substituent enhanced the attractive interactions
between zwitterionic groups, resulting in UCST behavior. The insight gained from this work can
facilitate the design of UCST- and LCST-type thermoresponsive zwitterionic PSBMAs by varying
N-substituents and will open up more opportunities for potential applications of already widely
used zwitterionic materials (e.g., thermoresponsive zwitterionic polymer brushes and nanogels for
use in bioseparation and drug delivery).
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2.1. Introduction
Zwitterionic polymers are a special class of polyelectrolytes in which each repeat unit contains
two oppositely charged moieties of equal magnitude that are most frequently both located on the
pendant group.1,2 Although highly charged, zwitterionic polymers maintain charge neutrality
globally and locally and exhibit many intriguing properties, including exceptional hydrophilicity
(for common polyzwitterions),1,2 antipolyelectrolyte effect,3,4 and stimuli-responsive property.2,511

These unique characteristics have been exploited intensively for numerous applications, such as

anti(bio)fouling,1,2,12-17 lubrication,18,19 anti-icing and anti-freezing,20,21 oil-water separation,22
cryopreservation,23

etc.

Among

common

zwitterionic

methacryloyloxyethyl)dimethylammonio)propane-1-sulfonate)
representative

of

poly(sulfobetaine

methacrylate)s

homopolymers,
(P11

in

(PSBMAs),

poly(3-((2-

Scheme
and

2.1),

a

poly(3-(N-(3-

methacrylamidopropyl)dimethylammonio)propane-1-sulfonate) (PMAMPS) are known to exhibit
an upper critical solution temperature (UCST) in water.2,5,9,24,25 The UCST behavior is likely a
result of the competition between electrostatic attractive interactions of zwitterionic groups and
thermal energy; presumably, heating overcomes the electrostatic inter-locking of zwitterionic
groups, causing the polymer to dissolve in water and thus exhibit a UCST.
Despite the fact that zwitterionic polymers are structurally versatile,1-7,24-33 the vast majority of
the systems reported in the literature for potential applications are built from the polymers of a
small number of monomers.2 Varying the structure of zwitterionic materials will change their
solution behavior in water, and studies have shown that the effect is subtle, often counterintuitive,
and hard to predict. For example, if a hydrophilic hydroxy group is introduced onto the middle
carbon atom in the spacer between the ammonium and the sulfonate group of PMAMPS, the cloud
point (CP) of the resultant polymethacrylamide in water is found to be higher (i.e., the solubility
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Scheme 2.1. Molecular Structures of Zwitterionic Homopolymers of DPSMA Sulfobetaine
Methacrylates with Various N-Substituents, Monomer M12OSi, and Copolymers of Two
Monomers with Various Molar Contents.
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becomes poor).24 When the dimethylammonio group in P11 is replaced with a six-membered
piperidinio ring, the UCST disappears and the polymer becomes soluble in water in the
temperature range of 0 – 100 C, although the alkyl ring is larger and more hydrophobic than the
two methyl groups.25 The improved solubility of zwitterionic polymers in water with increasing
alkyl size is attributed to the weakening of the electrostatic attractive forces between zwitterions
caused by the steric hindrance from larger alkyl groups. On the other hand, larger hydrophobic
groups introduce a larger hydrophobic effect, which is the origin of the lower critical solution
temperature (LCST) transition of polymers in water.33-35 By keeping one methyl group on the
nitrogen atom and systematically increasing the length of the other N-n-alkyl substituent, our group
previously prepared a series of PSBMA homopolymers (P11 – P17 in Scheme 2.1) from the
corresponding zwitterionic DPSMA monomers (Scheme 2.1) and observed a range of solution
behavior in water.33 While P11 was a UCST thermoresponsive polymer as reported, P12, P13, and
P14 were soluble in water in the temperature range of 0-100 C likely due to the steric disruption
of zwitterionic attractive interactions. Intriguingly, P15 and P16 exhibited LCST behavior with
CPs at ~ 50 and 22 C, respectively. On the other hand, P17 was found to be insoluble in water,
apparently caused by the high hydrophobicity of the N-heptyl group.
To further understand the effects of N-substituents on solution behavior of DPSMA-based
PSBMAs (PDPSMAs, with two CH2 groups between the ester and the ammonium, three CH2
groups between the ammonium and the sulfonate group, and two separate substituents, R and R,
at the nitrogen atom) in water for facilitating the design of UCST- and LCST-type
thermoresponsive zwitterionic polymers, we synthesized and investigated three subgroups of such
PSBMAs with various N-substituents (Scheme 2.1). (i) P11 – P66 are prepared for studying the
effects of the number and length of N-n-alkyl substituents. (ii) A polar 2-hydroxyethyl group,
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capable of hydrogen bonding and dipole-ion interactions, is introduced as an N-substituent to
examine its effect on the solution behavior of P12OH in water in comparison to the corresponding
P12, which is soluble in water. (iii) P16 with a n-hexyl, P1C6 with a cyclohexyl, and P1P6 with a
phenyl substituent at the nitrogen atom are prepared for investigating the effects of molecular shape
and aromaticity of N-substituents. Compared with the n-hexyl group, cyclohexyl is more compact
and has a smaller contact area with water; the N-phenyl substituent can interact with cations and
anions. The influences of these structural variations are revealed, and the results from this study
not only improve our understanding of the structure-solution-behavior relationship of PDPSMAs
in water but also provide an insight into the design of UCST- and LCST-type thermoresponsive as
well as water-soluble zwitterionic PSBMAs.
2.2. Experimental Section
2.2.1. Materials
2-(Methylamino)ethanol (99%), N-methylcyclohexylamine (98%), 2-aminoethanol (99%),
1,3-propanesultone (99%), 1-bromobutane (99%), 1-bromopentane (99%), and 1-bromohexane
(98%) were purchased from Alfa Aesar and used directly. 2-(N-Methylanilino)ethanol (97.0+%)
and hydroquinone (99%) were obtained from TCI America and Acros Organics, respectively.
2,2,2-Trifluoroethanol (TFE, >99% from Alfa Aesar or 99.9% from Oakwood Chemical), 2bromoethanol (95%, TCI America), 4-dimethylaminopyridine (99.0+%, TCI America), tertbutyldimethylsilyl chloride (99%, Oakwood Products) were used as received. Methacryloyl
chloride (97%, Sigma-Aldrich) was distilled under vacuum and stored in a refrigerator.
Triethylamine (99%, Alfa Aesar) was stirred over CaH2 and distilled under vacuum prior to use.
,’-Azobisisobutyronitrile (AIBN, 98%, Sigma-Aldrich) was recrystallized from ethanol, dried
under vacuum, and stored in a refrigerator. Tetrahydrofuran (THF) was dried by refluxing over
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sodium/benzophenone and used immediately. 2-(N,N-Dimethylamino)ethyl methacrylate (98%)
and 2-(N,N-diethylamino)ethyl methacrylate (99%) were purchased from Aldrich and used as
received. N,N-Di(n-butyl)aminoethyl methacrylate was prepared by reacting methacryloyl
chloride with N,N-di(n-butyl)aminoethanol (99%, Aldrich) in the presence of triethylamine;1 the
crude product was purified by silica gel column chromatography and vacuum distillation, and the
molecular structure was verified by 1H and 13C NMR spectroscopy analysis. n-Butyl (2-cyano-2propyl) trithiocarbonate was synthesized according to the procedures from the literature.2,3
Acetonitrile (99%, Aldrich) was dried with 4 Å molecular sieves (Aldrich). Water purified from a
Milli-Q Plus (Millipore) system was used for the preparation of aqueous solutions of zwitterionic
polymers. All other chemical reagents were obtained from either Aldrich or Fisher Scientific and
used without further purification.
2.2.2. Characterization
A Varian VNMRS 600 or 500 MHz or a Mercury 300 MHz spectrometer was used for 1H and
13

C NMR spectroscopy analysis and the residual solvent proton signal was used as the reference.

The mass spectrometry (ESI MS) was performed using a Waters SYNAPT G2-Si quadrupole
mass spectrometer or an Exactive Plus orbitrap mass spectrometer (Thermo Scientific, Waltham,
MA, USA). The samples for mass spectroscopy experiments were prepared by dissolving
zwitterionic monomers in Milli-Q water at a concentration of 10 μg/g. Size exclusion
chromatography (SEC) of zwitterionic P1P6-2, -3, and -4 was performed using a SEC system with
a 515 HPLC pump from Waters equipped with a refractive index detector from Knauer (RI detector
K-2301), one PSS Suprema 10 μm guard column (50  8 mm) and three PSS Suprema 10 μm
columns (each 300  18 mm, 100 Å, 3000 Å, and 10000 Å). A 0.2 M sodium nitrate aqueous
solution was used as the eluent; the flow rate was set at 1.0 mL/min in the analysis. This aqueous
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SEC system was calibrated with narrow disperse poly(ethylene oxide) (PEO) standards with a
molecular weight range from 238 to 222k Da. The SEC data were processed using Cirrus
GPC/SEC software from Polymer Laboratories, Inc. Note that P55 and P66 cannot be eluted out
from this aqueous SEC system. The zwitterionic monomers and polymers were freeze-dried using
a LABCONCO 76705 Series Freeze Dryer.
2.2.3. Synthesis of Zwitterionic DPSMA Sulfobetaine Methacrylate Monomers with Various
N-Substituents
The detailed synthetic procedures and characterization data for the corresponding sulfobetaine
methacrylate monomers of P11, P22, P44, P55, P66, P16, P1C6, and P1P6 in Scheme 2.1 (i.e.,
monomer M11, M22, M44, M55, M66, M16, M1C6, and M1P6, respectively) as well as monomer
M12OSi (Scheme 2.1) are shown below. M11, M22, and M44 were prepared by reacting 2-(N,Ndimethylamino)ethyl methacrylate, 2-(N,N-diethylamino)ethyl methacrylate, and 2-(N,N-di(nbutyl)amino)ethyl methacrylate with 1,3-propanesultone (Scheme 2.2), respectively, using a
similar procedure previously reported for M11.33 The monomers were purified and freeze-dried.
The characterization data for M11 can be found in a previous publication from our group.33
Monomer M22: 1H NMR (D2O, 500 MHz), δ (ppm) = 6.26 (s, CHH=C(CH3), 1H), 5.91 (s,
CHH=C(CH3), 1H), 4.71 (t, -OCH2CH2N(CH2CH3)2-, 2H), 3.87 (t, -OCH2CH2N(CH2CH3)2-, 2H),
3.68-3.51 (m, -OCH2CH2N(CH2CH3)2-, -NCH2CH2CH2SO3-, 6H), 3.08 (t, -CH2CH2SO3-, 2H),
2.38-2.21

(m,

-NCH2CH2CH2SO3-,

2H),

2.06

(s,

CH2=C(CH3),

3H),

1.47

(t,

-

OCH2CH2N(CH2CH3)2-, 6H). 13C NMR (D2O, 125 MHz), δ (ppm) = 168.24, 135.17, 127.85,
58.08, 56.23, 55.40, 54.36, 47.25, 17.49, 6.96. MS: m/z cal [M+H]+: 308.1487; found: 308.1526;
mass error: 12.66 ppm. The 1H and 13C NMR spectra of M22 are included in Appendix A (Figure
A1).
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Scheme 2.2. Synthesis of M11, M22, and M44
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Monomer M44: 1H NMR (D2O, 300 MHz), δ (ppm) = 6.19 (s, CHH=C(CH3), 1H), 5.83 (s,
CHH=C(CH3), 1H), 4.63 (t, -COOCH2CH2N-, 2H), 3.80 (t, -COOCH2CH2N-, 2H), 3.63-3.48 (m,
-N+CH2CH2CH2SO3-,

2H),

3.41-3.38

(m,

-N+(CH2CH2CH2CH3)2-,

4H),

2.97

(t,

-

NCH2CH2CH2SO3-, 2H), 2.30-2.12 (m, -NCH2CH2CH2SO3-, 2H), 1.98 (s, CH2=C(CH3), 3H),
1.86-1.61 (m, -N(CH2CH2CH2CH3)2, 4H), 1.51-1.27 (m, -N(CH2CH2CH2CH3)2, 4H), 0.99 (t, N(CH2CH2CH2CH3)2, 6H). 13C NMR (D2O, 75 MHz), δ (ppm) = 168.30, 135.07, 127.75, 59.63,
59.36, 59.26, 58.01, 47.09, 23.13, 19.02, 17.27, 12.78. MS: m/z cal [M+H]+: 364.2113; found:
364.2153; mass error: 10.98 ppm. The 1H and 13C NMR spectra of M44 are included in Appendix
A (Figure A2).
2.2.3.1. Synthesis of Zwitterionic Monomer M55
M55 was prepared according to Scheme 2.3A via a multi-step process. 2-Aminoethanol (5.275
g, 86.36 mmol) was added to a 250 mL 3-necked round-bottom flask equipped with a magnetic
stir bar and an addition funnel. The reaction flask was then placed in a 50 °C oil bath. 1Bromopentane (30.00 g, 198.6 mmol) was added dropwise from the addition funnel while stirring.
After 3 h, a 10 M aqueous solution of NaOH (25.9 mL, 0.259 mol) was added dropwise from the
addition funnel. After the mixture was stirred at 50 C overnight, the flask was removed from the
oil and cooled to room temperature. The reaction mixture was transferred to a separatory funnel
and the product was extracted with methylene chloride (50 mL  3). The organic layers were
combined, washed with brine (30 mL), and dried over anhydrous sodium sulfate. After filtering
off the solid, the solution was concentrated by a rotary evaporator and further dried under high
vacuum. The crude product was purified by silica gel column chromatography using a mixture of
ethyl acetate and hexanes (2 : 1, v/v) as the eluent. The product was thoroughly dried under high
vacuum, yielding a colorless liquid (7.312 g, 42.1 %). 1H NMR (CDCl3, 500 MHz), δ (ppm) =
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Scheme 2.3. Synthesis of Zwitterionic Monomer M55 (A) and M66 (B).
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3.52 (t, HOCH2CH2-, 2H), 3.05 (br s, HOCH2CH2-, 1H), 2.56 (t, HOCH2CH2-, 2H), 2.43 (t, N(CH2CH2CH2CH2CH3)2, 4H), 1.50 – 1.14 (m, -N(CH2CH2CH2CH2CH3)2, 12H), and 0.89 (t, N(CH2CH2CH2CH2CH3)2, 6H).

13

C NMR (CDCl3, 126 MHz), δ (ppm) = 58.31, 55.46, 53.78,

29.61, 26.86, 22.59, 14.05.
2-(Di(n-pentyl)amino)ethan-1-ol (6.912 g, 34.33 mmol), triethylamine (4.518 g, 44.68 mmol),
and dry THF (15 mL) were added to a 250 mL 3-necked round-bottom flask equipped with a
magnetic stir bar and an addition funnel. After the mixture was stirred in an ice/water bath for 5
min, a solution of methacryloyl chloride (4.669 g, 44.66 mmol) in dry THF (20 mL) was added
dropwise by the addition funnel. The reaction mixture became cloudy and slightly brown, and was
allowed to warm naturally to room temperature. After stirring overnight, the precipitate was
filtered off, and the volatiles were removed by rotary evaporation. The crude product was redissolved in methylene chloride and washed with an aqueous solution of 1 M NaOH (25 mL  3).
The organic phase was dried over anhydrous sodium sulfate. After removal of the solid and the
solvents, the product was purified by silica gel column chromatography using a mixture of ethyl
acetate and hexanes (1 : 10, v/v) as the eluent, yielding a colorless liquid (5.968 g, 64.6 %). 1H
NMR (CDCl3, 500 MHz), δ (ppm) = 6.10 and 5.55 (s, CH2=C(CH3)COO-, 2H), 4.20 (t, OCH2CH2N-, 2H), 2.74 (t, -OCH2CH2N-, 2H), 2.45 (-N(CH2CH2CH2CH2CH3)2, 4H), 1.94 (s,
CH2=C(CH3)COO-, 3H), 1.50 – 1.15 (m, -N(CH2CH2CH2CH2CH3)2, 12H),

0.89 (t, -

N(CH2CH2CH2CH2CH3)2, 6H). 13C NMR (CDCl3, 126 MHz), δ (ppm) = 167.41, 136.40, 125.27,
63.15, 54.82, 52.13, 29.62, 27.08, 22.63, 18.30, 14.07.
2-(Di(n-pentyl)amino)ethyl methacrylate (2.009 g, 7.461 mmol), 1,3-propanesultone (1.018 g,
8.335 mmol), hydroquinone (16.4 mg), and acetonitrile (10 mL) were added to a 50 mL twonecked round-bottom flask equipped with a magnetic stir bar and a reflux condenser. The mixture
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was stirred at room temperature until homogeneous, and the flask was then placed into an oil bath
with a preset temperature of 90 °C. After stirring for 42 h, the flask was removed from the oil bath
and placed in a freezer. A small amount of a white precipitate was observed after storing in the
freezer for 4 h. The volatiles were removed using a rotavapor, and Milli-Q water was added to
dissolve the crude product. The aqueous solution of the crude product was thoroughly washed with
stabilizer-free diethyl ether (25 mL  5) to remove the inhibitor. The resultant monomer solution
was concentrated in an ice/water bath using a nitrogen gas stream. The concentrated solution was
stored in the freezer, and the monomer concentration was determined to be 56.4 wt% by
gravimetric analysis of a small portion after drying under high vacuum. Yield: 1.200 g (41.1 %).
1

H NMR (D2O, 300 MHz), δ (ppm) = 6.17 and 5.82 (s, CH2=C(CH3)COO-, 2H), 4.62 (t, -

OCH2CH2N+-, 2H), 3.79 (t, -OCH2CH2N+-, 2H), 3.52 (t, -N+CH2CH2CH2SO3-, 2H), 3.39 (t, N+(CH2CH2CH2CH2CH3)2,

4H),

2.98

CH2CH2CH2SO3-,

1.96

(s,

2H),

(t,

-CH2CH2CH2SO3-,

CH2=C(CH3)COO-,

2H),

3H),

2.25-2.15
1.80-1.70

(m,
(m,

-

N+(CH2CH2CH2CH2CH3)2, 4H), 1.42-1.32 (m, -N+(CH2CH2CH2CH2CH3)2, 8H), 0.91 (t, N+(CH2CH2CH2CH2CH3)2, 6H). 13C NMR (D2O, 126 MHz), δ (ppm) = 168.46, 135.06, 127.75,
59.41, 58.01, 57.14, 56.48, 47.08, 27.56, 21.50, 20.82, 17.45, 17.26, and 13.00. MS: m/z cal
C19H37NO5S [M+H]+: 392.2465; found: 392.2562; mass error: 24.73 ppm. The 1H and 13C NMR
of M55 are included in Appendix A (Figure A3).
2.2.3.2. Synthesis of Zwitterionic Monomer M66
M66 was prepared using a procedure similar to that for M55 (Scheme 2.3B). The yield of 2(di(n-hexyl)amino)ethanol: 64.6 %. 1H NMR (CDCl3, 500 MHz), δ (ppm) = 3.52 (t, HOCH2CH2-,
2H),

3.03

(s,

HOCH2CH2-,

1H),

2.56

(t,

HOCH2CH2-,

2H),

2.43

(t,

-

N(CH2CH2CH2CH2CH2CH3)2, 4H), 1.51-1.38 (m, -N(CH2CH2CH2CH2CH2CH3)2, 4H), 1.32-1.25
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(m, -N(CH2CH2CH2CH2CH2CH3)2, 12H), 0.88 (t, -N(CH2CH2CH2CH2CH2CH3)2, 6H). 13C NMR
(CDCl3, 125 MHz), δ (ppm) = 58.32, 55.48, 53.83, 31.78, 27.16, 27.09, 22.63, 14.03.
The yield of 2-(di(n-hexyl)amino)ethyl methacrylate: 80.9 %. 1H NMR (CDCl3, 500 MHz), δ
(ppm) = 6.10 and 5.55 (s, CH2=C(CH3)COO-, 2H), 4.20 (t, -OCH2CH2N-, 2H), 2.74 (t, OCH2CH2N-, 2H), 2.46 (t, -N(CH2CH2CH2CH2CH2CH3)2, 4H), 1.94 (s, CH2=C(CH3)COO-, 3H),
1.48-1.38 (m, -N(CH2CH2CH2CH2CH2CH3)2, 4H), 1.32-1.23 (m, -N(CH2CH2CH2CH2CH2CH3)2,
12H), 0.88 (t, -N(CH2CH2CH2CH2CH2CH3)2, 6H).

13

C NMR (CDCl3, 125 MHz), δ (ppm) =

167.43, 136.41, 125.30, 63.17, 54.87, 52.14, 31.83, 27.11, 22.67, 18.32, 14.05.
The yield of 3-(di-n-hexyl(2-(methacryloyloxy)ethyl)ammonio)propane-1-sulfonate (M66)
from the reaction of 2-(di(n-hexyl)amino)ethyl methacrylate with 1,3-propanesultone: 19.7 %. 1H
NMR (D2O, 300 MHz), δ (ppm) = 6.18 and 5.82 (s, CH2=C(CH3)COO-, 2H), 4.63 (t, OCH2CH2N+-, 2H), 3.78 (t, -OCH2CH2N+-, 2H), 3.53 (t, -N+CH2CH2CH2SO3-, 2H), 3.38 (t, N+(CH2CH2CH2CH2CH2CH3)2- 4H), 2.98 (t, -N+CH2CH2CH2SO3-, 2H), 2.30-2.06 (m, N+CH2CH2CH2SO4-,

2H),

1.95

(s,

CH2=C(CH3)COO-,

3H),

1.80-1.67

(m,

-

N+(CH2CH2CH2CH2CH2CH3)2, 4H), 1.44-1.25 (m, -N+(CH2CH2CH2CH2CH2CH3)2, 12H), 0.89 (t,
N+(CH2CH2CH2CH2CH2CH3)2, 6H).

C NMR (D2O, 151 MHz), δ (ppm) = 168.46, 135.05,
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127.75, 59.39, 58.01, 57.09, 56.48, 47.07, 30.38, 25.05, 21.68, 21.04, 17.43, 17.26, and 13.11. MS:
m/z cal C21H41NO5S [M+H]+: 420.2778; found: 420.2895; mass error: 27.84 ppm. The 1H and 13C
NMR of M66 are included in Appendix A (Figure A4).
2.2.3.3. Synthesis of Zwitterionic Monomer M1C6
M1C6 was synthesized via a multi-step process as shown in Scheme 2.4. Synthesis of (2bromoethoxy)(tert-butyl)dimethylsilane.

2-Bromoethanol

(10.468

g,

83.77

mmol),

4-

dimethylaminopyridine (1.034 g, 8.464 mmol), triethylamine (10.175 g, 100.55 mmol, distilled
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Scheme 2.4. Synthesis of Sulfobetaine Methacrylate Monomer M1C6
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from CaH2), and dry THF (50 mL) were added to a 250 mL 3-necked round-bottom flask equipped
with an addition funnel. The flask was placed in an ice/water bath, and the mixture was stirred
with a magnetic stir bar. A solution of tert-butyldimethylsilyl chloride (15.127 g, 100.36 mmol) in
dry THF (20 mL) was added dropwise from the addition funnel into the reaction flask. After
stirring overnight, the reaction mixture was filtered to remove the precipitate and the solvent was
evaporated by a rotavapor. The crude product was dissolved in dichloromethane (75 mL) and
washed with 0.5 M HCl (40 mL  2), an aqueous NaHCO3 solution (sat. NaHCO3(aq)/H2O, 50/50,
v/v, 40 mL  3), and brine (40 mL). The organic phase was then dried over anhydrous sodium
sulfate. After the solid was removed by gravity filtration, the solution was concentrated by rotary
evaporation; the product was dried under vacuum and collected as a clear liquid (yield: 16.090 g,
80.3 %). 1H NMR (CDCl3, 600 MHz), δ (ppm) = 3.89 (t, BrCH2CH2O-, 2H), 3.39 (t, BrCH2CH2O-,
2H), 0.90 (s, -OSi(CH3)2C(CH3)3, 9H), 0.09 (s, -OSi(CH3)2C(CH3)3, 6H). 13C NMR (CDCl3, 151
MHz), δ (ppm) = 63.51, 33.27, 25.82, 18.32, and 15.27.
N-Cyclohexyl-N-methylamine (9.465 g, 83.61 mmol) was added to a 100 mL 3-necked roundbottom flask equipped with a magnetic stir bar and an addition funnel. The flask was placed in an
oil bath with a preset temperature of 75 °C, and (2-bromoethyl)(tert-butyl)dimethylsilane (10.009
g, 41.84 mmol) was added dropwise to the flask under the stirring conditions. After the mixture
was stirred vigorously for 1 h, a solution of NaOH (10 M, 5.43 mL, 54.3 mmol) was added through
the addition funnel. After 12 h, 1H NMR analysis showed that the reaction was complete. The
flask was removed from the oil bath and cooled to room temperature. The mixture was transferred
to a separatory funnel, and the product was extracted with dichloromethane (30 mL  3). The
organic layers were combined and washed with H2O (40 mL  4) and brine (40 mL); the product
solution was dried over anhydrous sodium sulfate overnight. After gravity filtration to remove the
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solid, the solution was concentrated, and the crude product was vacuum distilled using a short path
distillation apparatus, yielding a colorless liquid (yield: 7.298 g, 73.0 %). 1H NMR (CDCl3, 600
MHz), δ (ppm) = 3.67 (t, -NCH2CH2O-, 2H), 2.56 (t, -NCH2CH2O-, 2H), 2.36-2.32 (m, N(CH3)CH(CH2-)2, 1H), 2.29 (s, -N(CH3)-, 3H), 1.80-1.04 (m, -N(CH3)(CH(CH2CH2)2CH2),
10H), 0.89 (s, -OSi(CH3)2C(CH3)3, 9H), 0.05 (s, -OSi(CH3)2C(CH3)3, 6H). 13C NMR (CDCl3, 151
MHz), δ (ppm) = 63.26, 62.56, 55.59, 39.06, 28.72, 26.36, 25.97, 18.36, 5.28.
(N-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-N-methylcyclohexanamine (7.203 g, 26.53 mmol)
and methanol (30.0 mL) were added to a 250 mL two-necked round-bottom flask equipped with
an addition funnel. After the flask was placed in an ice/water bath, a 3 M HCl solution (22.1 mL,
66.3 mmol) was added dropwise. 1H NMR analysis showed that the reaction was complete after 5
h. The solution was concentrated and washed with 50 wt% NaOH(aq) (8 mL) followed by washing
the aqueous layer with methylene chloride (75 mL). This was repeated once. The product was
purified by vacuum distillation using a short path distillation apparatus and collected as a clear
colorless liquid (yield: 4.154 g, 99.6 %). 1H NMR (CDCl3, 600 MHz), δ (ppm) = 3.51 (t,
HOCH2CH2N-, 2H), 3.20 (br s, HOCH2CH2N-, 1H), 2.57 (t, HOCH2CH2N-, 2H), 2.40-2.34 (m, N(CH3)(CH(CH2CH2)2CH2), 1H), 2.22 (s, -N(CH3)-, 3H), 1.78-1.02 (m, -N(CH3)CH
(CH2CH2)2CH2),10H). 13C NMR (CDCl3, 151 MHz), δ (ppm) = 63.19, 57.99, 54.39, 36.64, 28.71,
26.26, and 25.97.
2-(Cyclohexyl(methyl)amino)ethan-1-ol (5.218g, 33.18 mmol), triethylamine (4.267 g, 42.17
mmol, distilled from CaH2), and dry THF (15 mL) were added to a 100 mL 3-necked round-bottom
flask equipped with a magnetic stir bar and an addition funnel. While the mixture was stirred in an
ice/water bath, a solution of methacryloyl chloride (4.00 mL, 40.94 mmol) in THF (10 mL) was
added dropwise via the addition funnel. After stirring overnight, the mixture was filtered to remove
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the precipitate, concentrated by rotary evaporation, dissolved in dichloromethane (75 mL), and
washed with in water (25 mL  3). The product solution was dried by stirring the organic solution
over anhydrous sodium sulfate. After concentration via rotary evaporation, the crude product was
purified by silica gel column chromatography using a mixture of ethyl acetate and hexanes (1:1,
v/v) as eluent. The pure product was collected as a clear, colorless liquid (2.660 g, 35.6 %). 1H
NMR (CDCl3, 600 MHz), δ (ppm) = 6.10 and 5.54 (s, CH2=C(CH3)CO2-, 2H), 4.20 (t, OCH2CH2N-, 2H), 2.73 (t, -OCH2CH2N-, 2H), 2.38-2.35 (m, -N(CH3)(CH(CH2CH2)2CH2), 1H),
2.33

(s,

-N(CH3)-,

3H),

1.93

N(CH3)(CH(CH2CH2)2CH2), 10H).

13

(s,

CH2=C(CH3)CO2-,

3H),

1.78-1.04

(m,

-

C NMR (CDCl3, 151 MHz), δ (ppm) = 167.44, 136.36,

125.35, 63.65, 63.14, 51.60, 38.93, 28.78, 26.27, 25.91, 18.32.
2-(Cyclohexyl(methyl)amino)ethyl methacrylate (2.388 g, 10.60 mmol), 1,3-propanesultone
(1.361 g, 11.14 mmol), hydroquinone (21.3 mg), and dry acetonitrile (5 mL) were added to a 100
mL three-necked round-bottom flask equipped with a magnetic stir bar and a reflux condenser.
After the mixture was stirred at room temperature to become homogeneous, the flask was placed
in an oil bath with a preset temperature of 90 °C. From 1H NMR spectroscopy analysis, the reaction
reached completion after 18 h; the flask was removed from the oil bath and placed in an ice bath
while stirring. The product was precipitated into diethyl ether three times (150 mL  3). The
precipitate was dissolved in Milli-Q water (3 mL) and washed with purified diethyl ether (20 mL
 4). The product was concentrated using a filtered nitrogen gas stream and then freeze-dried. The
product was collected as a white solid (yield: 2.376 g, 64.5 %). 1H NMR (D2O, 500 MHz), δ (ppm)
= 6.18 and 5.81 (s, CH2=C(CH3)COO-, 2H), 4.64 (t, -OCH2CH2N+-, 2H), 3.88-3.77 (m, OCH2CH2N+-, 2H), 3.65-3.53 (m, -N+(CH3)(CH(CH2CH2)2CH2)CH2CH2CH2SO4-, 3H), 3.13 (s, N+(CH3)-, 3H), 2.97 (t, -CH2CH2CH2SO4-, 2H), 2.26-2.19 (m, -CH2CH2CH2SO3-, 2H), 2.26-1.16
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(m, -N+(CH3)(CH(CH2CH2)2CH2), 10H), 1.96 (s, CH2=C(CH3)CO2-, 3H). 13C NMR (CDCl3, 151
MHz), δ (ppm) = 168.45, 135.07, 127.70, 72.77, 58.18, 57.94, 57.05, 47.23, 45.82, 25.50, 25.42,
25.01, 24.28, 17.81, and 17.26. MS: m/z cal C16H29NO5S [M+H]+: 348.1839; found: 348.1889;
mass error: 14.36 ppm. The 1H and 13C NMR of M1C6 are included in Appendix A (Figure A5).
2.2.3.4. Synthesis of Zwitterionic Monomer M1P6
M1P6 was synthesized according to Scheme 2.5. 2-(Methyl(phenyl)amino)ethanol (6.111 g,
40.4 mmol) and triethylamine (5.728 g, 56.6 mmol) were dissolved in chloroform (15.9 g) in a 250
mL three-necked flask and cooled in an ice/water bath for 10 min under an N2 environment.
Methacryloyl chloride (4.835 g, 46.3 mmol) dissolved in CH2Cl2 (15.9 g) was added dropwise
from an addition funnel into the mixture over a period of 20 min at ~ 0 °C. The reaction mixture
was allowed to warm naturally to room temperature and stirred overnight. Afterwards, the mixture
was transferred to a separatory funnel and washed with a saturated NaHCO3 aqueous solution (50
mL  3) and saturated NaCl aqueous solution (50 mL  2). The organic phase was dried with
anhydrous sodium sulfate and concentrated using a rotary evaporator. The product was purified by
column chromatography using ethyl acetate/hexane (v/v, 1/40) as eluent, and a clear liquid was
obtained after drying under high vacuum (3.817 g, 39.1% yield). 1H NMR (CDCl3, 500 MHz), δ
(ppm) = 7.26 (t, aromatic, 2H), 6.78 (d, aromatic, 2H ), 6.74 (t, aromatic, 1H), 6.09 (s,
CHH=C(CH3)-, 1H), 5.57 (s, CHH=C(CH3)-, 1H), 4.35 (t, -OCH2CH2N(CH3)-, 2H), 3.68 (t, OCH2CH2N(CH3)-, 2H), 3.02 (s, -OCH2CH2N(CH3)C6H5, 3H), 1.94 (s, CHH=C(CH3)-, 3H). 13C
NMR (CDCl3, 300 MHz), δ (ppm) = 167.31, 148.77, 136.01, 129.25, 125.86, 116.72, 112.17,
62.02, 51.16, 38.58, 18.34.
2-(Methyl(phenyl)amino)ethyl methacrylate (1.556 g, 7.10 mmol), 1,3-propanesultone
(0.0874 g, 7.16 mmol), and hydroquinone (32.5 mg) were dissolved in dry acetonitrile (7 mL) in
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Scheme 2.5. Synthesis of Sulfobetaine Methacrylate Monomer M1P6
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a 100 mL three-necked flask equipped with a magnetic stir bar. The mixture was stirred and
refluxed at 90 °C for 60 h; a white solid was observed at the bottom of the flask. After the reaction
mixture was cooled to room temperature, acetone (50 mL) was added into the flask to precipitate
as much the zwitterionic product as possible. The white solid was collected and dissolved with DI
water, and the solution was washed extensively with diethyl ether to remove the inhibitor and other
possible impurities. The product was freeze-dried using a LABCONCO 76705 Series Freeze Dryer
and obtained as a white solid (0.781 g, 32.1 % yield). 1H NMR (D2O, 500 MHz), δ (ppm) = 7.84
(d, aromatic, 2H), 7.74 (t, aromatic, 2H ), 7.68 (t, aromatic, 1H), 5.92 (s, CHH=C(CH3)-, 1H), 5.69
(s, CHH=C(CH3)-,1H), 4.75-4.52 (m, -OCH2CH2N+(CH3)(C6H5)-, 2H), 4.43-4.27 (m, OCH2CH2N+(CH3)(C6H5)-,

-CH2N+(CH3)(C6H5)CHHCH2CH2-,

3H),

4.15-4.05

(m,

-

CH2N+(CH3)(C6H5)CHHCH2CH2-, 1H), 3.80 (s, -OCH2CH2N+(CH3)(C6H5)-, 3H), 3.04-2.87 (m,
-CH2CH2SO3-, 2H), 2.30-2.13 (m, -N+(CH3)(C6H5)CH2CHHCH2SO3-, 1H), 1.81 (s, CH2=C(CH3)-,
3H), 1.79-1.69 (m, -NCH2CHHCH2SO3-, 1H). 13C NMR (D2O, 126 MHz), δ (ppm) = 168.20,
140.98, 134.64, 130.99, 128.13, 128.06, 121.50, 67.90, 67.78, 58.49, 47.76, 47.23, 18.53, 17.33.
MS: m/z cal [M+H]+: 342.1330; found: 342.1362; error: 9.35 ppm. The 1H and 13C NMR of M1P6
are included in Appendix A (Figure A6).
2.2.3.5. Synthesis of Sulfobetaine Methacrylate Monomer M12OSi
M12OSi was prepared according to Scheme 2.6. 2-(Methylamino)ethanol (6.284 g, 83.66
mmol) was added to a 100 mL two-necked round-bottom flask equipped with an addition funnel
and stirred with a magnetic stir bar at 50 °C. 2-Bromoethyl)(tert-butyl)dimethylsilane (10.013 g,
41.855 mmol) was added dropwise from the addition funnel, and a colorless, heterogeneous
mixture was formed. After stirring for 1 h, an aqueous solution of 10 M NaOH (5.45 mL, 54.5
mmol) was added dropwise from the addition funnel. After the reaction proceeded for 2 days, the

55

Scheme 2.6. Synthesis of Sulfobetaine Methacrylate Monomer M12OSi

56

flask was removed from the oil bath and the reaction mixture was cooled to room temperature. The
product was extracted with dichloromethane (40 mL  3) using a separatory funnel. The organic
fractions were combined, washed with a NaHCO3 aqueous solution (40 mL  3) and brine (30
mL), and dried with anhydrous sodium sulfate while stirring. After removal of the solid, the
solution

was

concentrated

by

rotary

evaporation,

and

the

product,

2-((2-((tert-

butyldimethylsilyl)oxy)ethyl)(methyl)amino)ethan-1-ol, was further dried under vacuum and
obtained as a clear liquid (yield: 5.920 g, 60.7 %). 1H NMR (CDCl3, 600 MHz), δ (ppm) = 3.69 (t,
-CH2CH2OSi-, 2H), 3.56 (t, HOCH2CH2-, 2H), 3.07 (br, HOCH2CH2-, 1H), 2.59-2.57 (m,
HOCH2CH2N(CH3)CH2CH2OSi-, 4H), 2.31 (s, -N(CH3)-, 3H), 0.89 (s, -Si(CH3)2C(CH3)3, 9H),
and 0.06 (s, -Si(CH3)2C(CH3)3, 6H). 13C NMR (CDCl3, 126 MHz), δ (ppm) = 61.36, 59.22, 58.98,
58.51, 42.46, 25.89, 18.28, and -5.38.
2-((2-((tert-Butyldimethylsilyl)oxy)ethyl)(methyl)amnio)ethan-1-ol (2.040 g, 8.738 mmol),
triethylamine (1.154 g, 11.41 mmol), and dry THF (5 mL) were added to a 50 mL two-necked
round-bottom flask equipped with a magnetic stir bar and an addition funnel. The flask was then
placed in an ice/water bath, and a solution of freshly distilled methacryloyl chloride (1.10 mL, 11.2
mmol) in dry THF (3 mL) was added dropwise through the addition funnel. A white precipitate
formed as the methacryloyl chloride solution was added. After 2.5 h, 1H NMR spectroscopy
analysis showed that the reaction was complete. After 3 h, the reaction mixture was filtered to
remove the precipitate, concentrated using a rotary evaporator, dissolved in methylene chloride
and washed with deionized water (10 mL × 3), followed by washing with 1 M NaOH (aq) (7 mL
× 2). After drying over sodium sulfate overnight, the product was concentrated, dried under high
vacuum, and collected as a clear, colorless oil (yield: 2.042 g, 77.5 %). 1H NMR (CDCl3, 600
MHz), δ (ppm) = 6.11 and 5.55 (2s, CH2=C(CH3)COO-, 2H), 4.24 (t, -COOCH2CH2N-, 2H), 3.71
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(t,-NCH2CH2OSi-), 2.78 (t, -COOCH2CH2N-, 2H), 2.61 (t, -NCH2CH2OSi-, 2H), 2.36 (s, N(CH3)-, 3H), 1.94 (s, CH2=C(CH3)COO-, 3H), 0.89 (s, -OSi(CH3)2C(CH3)3, 9H), 0.05 (s, OSi(CH3)2C(CH3)3, 6H). 13C NMR (CDCl3, 151 MHz), δ (ppm) = 167.35, 136.28, 125.45, 62.80,
61.66, 59.76, 56.13, 48.39, 25.90, 18.31, and -5.36.
2-((2-((tert-Butyldimethylsilyl)oxy)ethyl)(methyl)amino)ethyl methacrylate (1.938 g, 6.427
mmol), 1,3-propanesultone (0.825 g, 6.753 mmol), hydroquinone (19.3 mg), and acetonitrile (4.0
mL) were added to a 50 mL two-necked flask equipped with a magnetic stir bar and a reflux
condenser. After the reaction mixture was stirred in a 90 °C oil bath for 24 h, the flask was removed
from the oil bath and cooled to room temperature. The volatiles were removed, and the crude
product was dissolved in a mixture of Milli-Q water and acetonitrile (4 : 1, v/v) and washed with
stabilizer-free diethyl ether to remove the inhibitor (40 mL  5). The aqueous solution of the
product was then concentrated with a stream of filtered air flow, freeze-dried using a LABCONCO
76705 Series Freeze Dryer, and further dried under high vacuum at room temperature. The product
was collected as a white, fluffy solid (yield: 2.213 g, 81.3 %). 1H NMR (CDCl3, 600 MHz), δ
(ppm) = 6.10 and 5.64 (s, CH2=C(CH3)COO-, 2H), 4.66 (t, -OCH2CH2N-, 2H), 4.10 (t, CH2CH2OSi-, 2H), 4.00-3.65 (m, -OCH2CH2N+(CH3)(CH2CH2OSi(CH3)2C(CH3)3)CH2CH2CH2SO3-, 6H), 3.30 (s, -N+(CH3)-, 3H), 2.89 (t, -CH2CH2CH2SO3-, 2H), 2.35-2.23 (m, CH2CH2CH2SO3-, 2H), 1.92 (s, CH2=C(CH3)COO-, 3H), 0.87 (s, -OSi(CH3)2C(CH3)3, 9H), 0.09
(s, -OSi(CH3)2C(CH3)3, 6H).

C NMR (CDCl3, 126 MHz), δ (ppm) = 166.09, 135.01, 126.76,
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63.62, 62.66, 60.81, 57.95, 57.36, 49.27, 47.32, 25.49, 18.91, 17.98, 17.68, and -5.89. MS: m/z cal
C18H35NO6SSi [M+H]+: 424.2184; found 424.2281; mass error 22.86 ppm. The 1H and 13C NMR
of M12OSi are included in Appendix A (Figure A7).
2.2.4. Synthesis of Zwitterionic Homopolymers of M11, M22, M44, M55, M66, M16, M1C6,
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M1P6, and M12OSi by AIBN-Initiated Conventional Radical Polymerization
M11, M22, M44, M55, M66, M16, M1C6, M1P6, and M12OSi were polymerized directly by
conventional free radical polymerization using AIBN as initiator (Scheme 2.7). The following
shows the detailed procedure for the synthesis of P55 (P55-2) from M55 as an example. M55
(0.300 g, 0.767 mmol), AIBN (6.1 mg, 0.0037 mmol), TFE (0.951 g), and N,N-dimethylformamide
(DMF, 69.2 mg) were added to a 25 mL Schlenk tube and stirred with a magnetic stir bar to form
a clear and colorless solution. The reaction mixture was degassed by three cycles of freeze-pumpthaw. The polymerization was started by placing the Schlenk tube into an oil bath with a preset
temperature of 70 °C. After 19 h, the polymerization was stopped by removing the tube from the
oil bath and cooling it in an ice/water bath. The mixture was diluted with Milli-Q water, and the
polymer was purified by dialysis (MWCO: 3500 Da, regenerated cellulose) against Milli-Q water,
which was frequently changed, in an ice/water bath for 2 days. The aqueous solution of the polymer
was then concentrated under a nitrogen gas stream and then freeze dried using a LABCONCO
76705 Series Freeze Dryer. The polymer was obtained as a white solid (yield: 0.145 g, 48.3%).
For the deprotection of the homopolymers of M12OSi, a 1.0 M HCl solution (7.4 mL, 0.74 mmol)
was added dropwise into the aqueous solution of the zwitterionic polymer after the dialysis. After
the mixture was stirred at room temperature overnight, the volatiles were removed under high
vacuum and the deprotected polymer was re-dissolved in Milli-Q water, freeze-dried, and obtained
as a white solid (64.1 % yield).
2.2.5. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization of M1P6
M1P6 was also polymerized by RAFT polymerization using n-butyl (2-cyano-2-propyl)
trithiocarbonate as chain transfer agent (CTA) and AIBN as initiator (Scheme 2.8). The following
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Scheme 2.7. Synthesis of Zwitterionic Homopolymers of Sulfobetaine Methacrylate by AIBNInitiated Conventional Free Radical Polymerization
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Scheme 2.8. Synthesis of Zwitterionic Homopolymers by Reversible Addition-Fragmentation
Chain Transfer Polymerization of M1P6.
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shows the synthesis of P1P6-4 from M1P6 by RAFT polymerization. M1P6 (0.308 g, 0.902 mmol),
CTA (0.447 g of a stock solution of CTA in TFE with a concentration of 22.80 mg/g, 0.0437
mmol), AIBN (0.111 g of a stock solution of AIBN in TFE with a concentration of 20.38 mg/g,
0.0138 mmol), TFE (0.999 g), and DMF (51 mg) were added into a 25 mL 2-necked round bottom
flask. After the mixture was degassed by three cycles of freeze-pump-thaw, the flask was placed
in a 70 C oil bath. The polymerization was stopped after 24 h by cooling the reaction flask in an
ice/water bath. The polymer was purified by dialysis against Milli-Q water using Fisherbrand
dialysis tubing (MWCO = 3500) for 3 days, and the water was changed frequently. The aqueous
polymer mixture was concentrated with a filtered stream of air flow and then freeze-dried (yield:
0.158 g, 52.3%). The obtained polymer, P1P6-4, was characterized by aqueous SEC analysis. The
SEC sample was prepared by dissolving an appropriate amount of P1P6-4 in a 0.2 M NaNO3
aqueous solution to obtain a concentration of 2.5 mg/mL. SEC results: Mn,SEC = 2.0 kDa and Ð =
2.13, relative to PEO standards. Two additional polymers of M1P6, P1P6-2 and P1P6-3, were
synthesized and purified using similar procedures. SEC results (PEO standards): for P1P6-2,
Mn,SEC = 2.6 kDa and Ð = 2.13; for P1P6-3, Mn,SEC = 2.3 kDa and Ð = 2.04. These three RAFT
polymers were slightly pink in the bulk state, and their intrinsic viscosity values in 2,2,2,trifluoroethanol (TFE) at 25.0 C were also measured.
2.2.6. Synthesis of P(M1P6-co-M22) Copolymers with Various Molar Ratios of M1P6 to M22
Five random copolymers of M1P6 and M22 (PCO-1, -2, -3, -4 and -5) were synthesized by
AIBN-initiated conventional free radical polymerization using various molar ratios of M1P6 to
M22 in the feeds (Scheme 2.9). Shown below is the detailed synthesis of PCO-1; other copolymers
were prepared using similar procedures. M22 (0.685 g of a stock solution in TFE, 20.9 wt%, 0.466
mmol), M1P6 (0.159 g, 0.466 mmol), AIBN (3.0 mg, 18 μmol), TFE (1.095 g), and DMF (56.2
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Scheme 2.9. Synthesis of Zwitterionic Copolymers of M1P6 and M22 by AIBN-Initiated
Conventional Free Radical Polymerization.
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mg) were added to a 25 mL Schlenk tube equipped with a magnetic stir bar. The solution was
degassed by three cycles of freeze-pump-thaw and placed in a preheated oil bath (70 °C). After 24
h, the polymerization was stopped by removing the flask from the oil bath, cooling it to room
temperature and opening it to air. The polymer was purified by dialysis (regenerated cellulose,
MWCO – 3500 Da) against Milli-Q Water for 2 days. The resultant mixture was concentrated
under a N2 gas stream and freeze dried. The copolymer, PCO-1, was collected as a white powder
(85.2 mg, 28.2% yield). The composition of PCO-1 was determined by 1H NMR spectroscopy
analysis using the integrals of the peaks located in the range of 7.52-8.19 ppm, which corresponded
to the five hydrogen atoms in the phenyl group of M1P6, and the peaks from 2.72 – 3.19 ppm,
which corresponded to -CH2SO3- of M22 and M1P6 units. Calculations showed that the molar
content of M1P6 units in PCO-1 was 42.1%, which was close to that of M1P6 in the feed (50.0 %).
2.2.7. Determination of Cloud Points of Thermoresponsive Zwitterionic Polymers in Water
The cloud points (CPs) of thermoresponsive zwitterionic polymers at various concentrations
were determined from the plots of transmittance versus temperature. For each thermoresponsive
zwitterionic polymer, the solution with the highest concentration studied was prepared first by
dissolving the polymer in a certain amount of Milli-Q water at either an elevated temperature (for
UCST-type thermoresponsive polymers) or in an ice/water bath (for LCST-type thermoresponsive
polymers). The aqueous polymer solution with a lower concentration was prepared by diluting the
more concentrated solution with Milli-Q water. The optical transmittance of an aqueous polymer
solution in a quartz cuvette (3.5 mL) at a wavelength of 500 nm was measured as a function of
temperature upon cooling or heating using a T6U UV-visible spectrophotometer (Persee Analytics,
Inc.) equipped with a Peltier temperature controller (PTC-2). The polymer solution was
equilibrated at each selected temperature for 1 min with a heating/cooling rate of about 1 °C/min
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before the transmittance was measured. The temperature at which a 50% transmittance change
occurred was taken as the CP in this work.36 The hysteresis of thermoresponsive behavior of a
zwitterionic polymer in water was investigated at a selected concentration in a cooling-heating or
a heating-cooling cycle following the same procedure detailed above.
2.2.8. Measurement of Intrinsic Viscosities of Zwitterionic Polymers in TFE
The intrinsic viscosities of zwitterionic polymers in TFE were determined according to a
method by Wolf.37,38 Below is a procedure for the determination of the intrinsic viscosity for P551. A similar procedure was used for all of other zwitterionic polymers and copolymers. TFE (8
mL) was filtered through a 0.45 μm PTFE filter into a clean, dry Ubbelohde viscometer (CannonUbbelohde Dilution Viscometer, 9722-L53 (150 D429), Size 50) in a water bath with the
temperature preset at 25.0 °C using a Lauda Alpha immersion thermostat and thermally
equilibrated for 5 min. The flow time was measured by pulling the TFE past the upper meniscus
mark and using a stopwatch to record the time for the solvent to travel from the upper mark to the
lower mark. The measurement was repeated 4 times with a maximum allowable variation of 0.1
sec. The average of the five runs was taken as t0. After the solvent was poured out, the viscometer
was dried by a N2(g) flow. A solution of P55-1 in TFE (11.0 mg/mL) was then filtered into the
Ubbelohde viscometer and equilibrated at 25.0 °C. The time for the solution’s meniscus to travel
from the upper to the lower mark was measured five times, and the average was recorded as t1 for
this concentration. The concentration of the P55-1 solution was then diluted to 10.0 mg/mL by
adding an appropriate amount of filtered TFE to the Ubbelohde viscometer; the solution was mixed
thoroughly and equilibrated at 25.0 °C for at least 5 min, followed by the measurement of flow
time for a total of 5 times. This process was repeated for the concentrations of 8.0, 6.0, 5.0, 4.0,
and 2.4 mg/mL. The 2.4 mg/mL polymer solution was then poured out; the viscometer was
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thoroughly rinsed with TFE (8 mL  3), dried under a N2(g) stream, and mounted in the 25.0 C
water bath. Subsequently, 4.0 mL of the 2.4 mg/mL solution was added and diluted to 1.0 mg/mL.
Five measurements of flow time were taken and the average was used. A plot of the natural
logarithm of relative viscosity (rel = t1/t0) versus concentration was made and a linear regression
was performed. The slope was taken as the intrinsic viscosity of the polymer in TFE at 25.0 C
according to the Wolf’s method.37,38

2.3. Results and Discussion
2.3.1. Synthesis and Characterization of PDPSMAs
A total of seven PDPSMAs with various N-substituents, including symmetric di(n-alkyl) (P22,
P44, P55, and P66), methyl and 2-hydroxyethyl (P12OH), methyl and cyclohexyl (P1C6), and
methyl and phenyl (P1P6) on the nitrogen atom (Scheme 2.1), were synthesized by conventional
free

radical

polymerization

in

2,2,2-trifluoroethanol

(TFE)

using

2,2’-azobis(2-

methylpropionitrile) (AIBN) as initiator. We also made P11 for comparison with the PDPSMAs
with symmetric N,N-di(n-alkyl) substituents and P16 for comparison with P1C6 and P1P6. All of
the homopolymers were synthesized directly from the corresponding DPSMA sulfobetaine
methacrylate monomers except P12OH, which was prepared by polymerization of M12OSi
(Scheme 2.1) and subsequent removal of tert-butyldimethylsilyl protective groups under acidic
conditions. In addition, three lower molecular weight P1P6 homopolymers were synthesized by
reversible addition-fragmentation chain transfer (RAFT) polymerization.36,39,40 All of the polymer
samples were purified by dialysis against Milli-Q water and freeze-dried. 1H NMR analysis
showed that the spectra agreed with the molecular structures of the zwitterionic polymers (Figure
A8-A16). The characterization data for the polymers are summarized in Table 2.1.
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Table 2.1. Characterization Data and Solution Behavior in Water of Zwitterionic PDPSMA
Homopolymers
PDPSMA
DPSMA
Homopolymer Monomer

[] (dL/g) a

Solution
Behavior in
H2O
UCST
Soluble
Soluble
Soluble
Soluble
LCST
LCST
Insoluble
Insoluble
LCST
LCST
Soluble
Soluble
Insoluble
Insoluble

Cloud Point
c

0.284
47 C
0.478
N/A
0.684
N/A
0.376
N/A
0.309
N/A
0.129
42 C
0.288
40 C
0.116
N/A
0.098
N/A
0.248
11 C
0.227
12 C
0.176
N/A
0.520
N/A
0.155
N/A
0.075;a (Mn,SEC = 2.6 kDa; Ð =
N/A
2.13) b
P1P6-3
M1P6
0.056;a (Mn,SEC = 2.3 kDa; Ð =
UCST
56 C d
b
2.04)
P1P6-4
M1P6
0.051;a (Mn,SEC = 2.0 kDa; Ð =
UCST
37 C d
b
2.13)
P12OH-1
M12OSi
0.358
UCST
33 C
P12OH-2
M12OSi
0.202
UCST
23 C
a
[] values in 2,2,2,-trifluoroethanol (TFE) at 25.0 C were determined using the Wolf’s
method.37,38 b Number average molecular weight (Mn,SEC) and dispersity (Ð) were measured by
aqueous SEC analysis relative to PEO standards using a 0.2 M NaNO3 solution as eluent. Note
that P1P6-2, -3, and -4 are soluble in the 0.2 M NaNO3 aqueous solution and also in D2O with 0.5
M NaCl despite the observation that they are not soluble at room temperature in pure water. c
Cloud points (CPs) were the temperatures at which a 50% transmittance change occurred. The CPs
of UCST and LCST polymers were determined from cooling and heating curves, respectively, at
1.0 wt%. d The CPs are for 0.2 wt% polymer solutions. Note that the CP of P1P6-4 at 1.0 wt% was
66.5 C.
P11
P22-1
P22-2
P44-1
P44-2
P55-1
P55-2
P66-1
P66-2
P16-1
P16-2
P1C6-1
P1C6-2
P1P6-1
P1P6-2

M11
M22
M22
M44
M44
M55
M55
M66
M66
M16
M16
M1C6
M1C6
M1P6
M1P6
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The PDPSMAs shown in Table 2.1 represent a diverse set of zwitterionic materials with
varying intra- and intermolecular interactions. We found that it was extremely challenging to
characterize the molecular weights and dispersities of these samples by size exclusion
chromatography (SEC) using one set of columns and one eluent. Therefore, we elected to measure
the intrinsic viscosities of these zwitterionic polymers in TFE at 25.0 C using a Ubbelohde
viscometer. While conventional Huggins and Kraemer plots were attempted, we noticed that the
curves often deviated significantly from linear relationships (see Figure A17 in Appendix A). This
pronounced non-linearity of sp/c (or lnrel/c) versus c likely resulted from the complex
electrostatic interactions between charged groups at dilute conditions as discussed by Wolf.37
Therefore, we followed Wolf’s method37,38 to determine the intrinsic viscosities of our zwitterionic
polymers in TFE from the initial slope of the dependence of lnrel on polymer concentration c
(Figure A18-A26 in Appendix A) and the obtained [] values were in the range from 0.051 to
0.684 dL/g (Table 2.1). Note that the molecular weights and dispersities of lower molecular weight
P1P6 samples made by RAFT polymerization (i.e., P1P6-2, -3, and -4) were measured by aqueous
SEC analysis relative to PEO standards using a 0.2 M NaNO3 aqueous solution as eluent (Table
2.1), and the SEC traces can be found in Appendix A (Figure A27).
2.3.2. Solution Behavior of PDPSMAs with Two Symmetric N-n-Alkyl Substituents in Water.
The solution behavior of P11, P22, P44, P55, and P66 in water at various temperatures was
first examined by visual inspection at a concentration of 1.0 wt% to study the effect of the lengths
of two symmetric N-n-alkyl substituents. Those exhibiting thermoresponsive properties were
further examined using a UV-vis spectrometer to record the transmittance at 500 nm as a function
of temperature. As expected, P11 displayed a UCST transition in water; the polymer solution was
clear at elevated temperatures but turned cloudy upon cooling as can be seen from the photos in
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Figure 2.1A. From the plot of transmittance versus temperature (Figure 2.2A), the CP of P11,
which was determined as the temperature at which a 50% transmittance change occurred, was 47
C. This value was higher than our previously reported CP (31 C) of a P11 homopolymer
synthesized by RAFT polymerization.33 The CPs of UCST polymers in liquid media are known to
be very sensitive to the molecular weight change, end group identity, and the presence of a small
amount of structural defects,2,5,9,25,41-43 usually more than LCST-type thermosensitive polymers.5,34
For instance, Hildebrand et al. reported that the CP of P11 in H2O increased from 41 to 71 C with
increasing the degree of polymerization from 85 to 585.25 In contrast, P22 was completely soluble
in water from 0 – 100 C (Figure 2.1B), similar to the solution behavior of P12, P13, and P14.33
Note that P22-2 has a [] value of 0.684 dL/g, much higher than that of P11 ([] = 0.284 dL/g).
Interestingly, even with a total of 8 carbon atoms in the two n-alkyl substituents, P44 was
completely soluble in water (Figure 2.1C), which is different from P17 that also has 8 carbon atoms
in the two N-alkyl substituents but is insoluble in water.33 This indicates that the effects of two
alkyl substituents are not additive.
More interestingly, P55 with a total of 10 carbon atoms in the two substituents exhibited an
LCST in water; the solution was clear at 10 C but cloudy at 65 and 90 C (Figure 2.1D). At a
concentration of 1.0 wt% in Milli-Q water, the CPs of P55-1 ([] = 0.129 dL/g) and P55-2 ([] =
0.288 dL/g) were 42 C (Figure 2.2B) and 40 C (Figure A28 in Appendix A), respectively,
consistent with the common observation that a higher molecular weight LCST polymer exhibits a
lower CP.44.45 The thermal hysteresis from heating and cooling processes was minimal for both
samples (Figures 2.2B and A28). The CP increased with decreasing concentration of the polymer
(Figure 2.2C), showing a concave curve characteristic of LCST polymers (Figure 2.2D). The
heating-induced LCST transition of P55-1 was further investigated by variable temperature 1H
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Figure 2.1. Optical photos of 1.0 wt% aqueous solutions of P11 (A), P22-1 (B), P44-2 (C), P55-1
(D), P12OH-1 (E), P16-2 (F), P1C6-2 (G), and P1P6-4 (H) at 10, 65, and 90 C.
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Figure 2.2. Plots of transmittance at the wavelength of 500 nm versus temperature for (A) 1.0 wt%
P11 in Milli-Q water from a cooling-heating cycle and (B) 1.0 wt% P55-1 in Milli-Q water from
a heating-cooling cycle. (C) Plots of transmittance versus temperature for aqueous solutions of
P55-1 with various concentrations from the heating processes, and (D) plot of cloud point versus
polymer concentration obtained from (C).
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NMR analysis at a concentration of 1 wt% in D2O (Figure 2.3A); the peaks marked by the arrows
decreased noticeably in intensity when the temperature was raised from 40 C to 43 C and above,
consistent with the CP of the same D2O solution (39 C) observed by visual inspection. Further
increasing the lengths of two n-alkyl substituents by just one carbon atom resulted in a waterinsoluble polymer, P66, despite the relatively low intrinsic viscosities (0.116 and 0.098 dL/g) of
the two samples. We previously observed that the CPs of P15 and P16 in H2O were ~ 50 and ~ 22
C,33 showing that adding one CH2 unit into the longer alkyl while keeping the N-methyl constant
decreases the CP substantially. The overall trend for both polymer series is qualitatively similar to
the decrease of CP for LCST-type thermoresponsive poly(oligo(ethylene glycol) (meth)acrylate)s
caused by the addition of one CH2 group to the end of the side chain in each repeat unit.46-48
The observed evolution of solution behavior of PDPSMAs with two symmetric N-n-alkyl
substituents in water from UCST to water-soluble, LCST and water-insoluble may be attributed to
two competing effects that resulted from increasing alkyl length: steric weakening of electrostatic
attractive interactions between zwitterionic groups and increase of the hydrophobic effect
associated with n-alkyl groups. When the two N-substituents are as small as methyl, the
electrostatic inter-locking of zwitterionic groups causes P11 to be insoluble in cold water. Upon
heating, the thermal motions presumably overcome the electrostatic forces, resulting in the
dissolution of P11 in water and a UCST transition (convex black curve in Scheme 2.10). Upon
increasing the lengths of two symmetric N-substituents to 2 and 4 carbon atoms, the zwitterionic
interactions are likely sterically disrupted by two larger symmetric N-n-alkyl groups, making the
polymers soluble in water and shifting the UCST curve below 0 C (convex red dashed line in
Scheme 2.10). Meanwhile, the entropic penalty from the N-n-alkyl is still small compared with the
enthalpic gain from the hydration of zwitterionic groups and the LCST curve is still above 100 C
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Figure 2.3. 1H NMR spectra of thermoresponsive zwitterionic PDPSMA homopolymers with
different N-substituents in D2O at various temperatures: (A) 10 mg/g P55-1 (CP = 39 C by visual
inspection), (B) 4 mg/g P12OH-2 (CP = 23 C by visual inspection), (C) 10 mg/g P16-2 (CP = 11
C by visual inspection), and (D) 2 mg/g P1P6-4 (CP = 41 C by visual inspection) at various
temperatures from variable temperature 1H NMR spectroscopy analysis studies. The HDO peak at
4.79 ppm was used to normalize all spectra for each polymer.
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Scheme 2.10. Hypothetical phase diagrams of zwitterionic PDPSMAs with various symmetric Nn-alkyl substituents in H2O.
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(concave red dashed line in Scheme 2.10). Consequently, the polymers are soluble from 0 – 100
C. Note that the steric weakening of electrostatic zwitterionic interactions by larger N-alkyl
groups would lead to a lower glass transition temperature in the bulk state. Köberle and
Laschewsky reported that the glass transition temperature of a zwitterionic polymethacrylate with
a molecular structure similar to P22 (the only difference is the spacer length between the ester and
the ammonium moiety: eleven CH2 groups vs. two CH2 group in P22) was lower by more than 100
C than that of the corresponding polymer with two N-methyl groups,49 suggesting weaker
interactions between zwitterionic groups for larger N-alkyls. Further increasing the lengths to 5
carbon atoms introduces a larger entropy penalty. While the polymer is soluble at lower
temperatures, it is not at higher temperatures and hence exhibits an LCST in water (concave blue
dashed line in Scheme 2.10). For P66, the entropic penalty is too high and the polymer becomes
insoluble in water (concave green curve in Scheme 2.10). We emphasize here that our explanations
are focused on PDPSMAs with a general molecular structure shown in Scheme 2.1 (i.e., two CH2
groups between the ester and the ammonium, three CH2 groups between the ammonium and
sulfonate groups, and two separate substituents, R and R, at the nitrogen atom). It is not our
intention in this work to extend our explanations to other zwitterionic polymers, e.g., with different
spacers or spacer lengths between the ester or amide and the ammonium and between the
ammonium and the sulfonate group.
As mentioned earlier, P44 with a total 8 carbon atoms in the two N-substituents is soluble in
water from 0 to 100 C, while P15 and P16 with 6 and 7 carbon atoms, respectively, exhibit LCST
transitions in water.33 This difference is likely caused by the disruption of structured water on the
portion of the hydrophobic alkyl groups adjacent to the positive charge center. The hydration of
positively charged ammonium species occurs at the expense of nearby hydrophobic hydration 50
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and thus diminishes the hydrophobic effect of two n-butyl substituents. Since the LCST is
determined by the amount of water of hydrophobic hydration, the remaining hydrophobic
hydration for the n-butyl groups is not sufficient for P44 to exhibit LCST behavior in water. On
examining the behavior of P44 (soluble), P55 (LCST, CP = ~ 40 C), P14 (soluble), P15 (LCST,
CP = ~ 50 C), and P16 (LCST, CP = ~ 22 C) in water, it appears that a longer n-alkyl group is
more important than the total number of carbon atoms in the two N-n-alkyl substituents for
PDPSMAs to display an LCST in water. Moreover, since both P15 and P55 exhibit LCST behavior
and their CPs are quite close to each other (~ 50 and ~ 40 C, respectively), P25 with one ethyl
and one n-pentyl, P35 with one n-propyl and one n-pentyl, and P45 with one n-butyl and one npentyl substituent at the nitrogen atom would be expected to all exhibit LCST transitions in water
likely with CPs in the range of 40 to 50 C at similar molecular weights. Thus, increasing the
lengths of two symmetric and asymmetric N-n-alkyl substituents of PDPSMAs presumably
weakens the electrostatic attractive interactions between zwitterionic groups (Scheme 2.2),
favoring the dissolution of the polymers in water, and simultaneously increases the hydrophobic
effect. As a result, the behavior of zwitterionic PDPSMAs in water changes from UCST to soluble,
LCST, and finally insoluble. We note here that for DPSMAs with two different N-substituents the
nitrogen atom is a chiral center and we used racemic monomer mixtures in the polymerizations. It
is unclear at this point how the chirality and the extent of symmetry affect the electrostatic
interactions between zwitterionic groups and contribute to the solution behavior in water observed
for the two polymer series, P11 – P17 and P11 – P66. This needs a further investigation probably
through computer simulations.
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2.3.3. Solution Behavior of P12OH with a Hydroxyethyl N-Substituent in Water.
Our group previously reported that P12 with one methyl and one ethyl group at the nitrogen
atom was soluble in water in the temperature range of 0 to 100 C.33 To study how the presence of
a polar, hydrogen bonding-capable hydroxyl group at the end of the N-ethyl substituent affects the
polymer’s behavior in water, we prepared two P12OH samples (P12OH-1 with [] = 0.358 dL/g
and P12OH-2 with [] = 0.202 dL/g) and found that both P12OH-1 and -2 exhibited UCST
behavior in water. As shown in Figure 2.1E, a 1.0 wt% P12OH-1 solution was clear and
homogeneous at 90 and 65 C but cloudy at 10 C. From the transmittance data (Figure 2.4A and
B), the CPs of P12OH-1 and -2 at a concentration of 1.0 wt% from the cooling curves were 33 and
23 C, respectively, with negligible thermal hysteresis in the heating and cooling cycle. The CP of
the high molecular weight P12OH sample is higher, as expected for UCST polymers.5 Contrary to
LCST thermoresponsive P55, the CP of P12OH decreased with decreasing concentration (Figure
2.4C) and the plot of CP versus concentration showed a convex shape (Figure 2.4D), which is a
characteristic of UCST thermoresponsive polymers. The UCST behavior of P12OH-2 was also
studied by variable temperature 1H NMR spectroscopy (Figure 2.3B). In contrast to LCST polymer
P55, the peaks decreased in intensity with decreasing temperature from 32 to 11 C. However, the
transition was not as sharp as P55, likely because of the retention of a large amount of water by
zwitterionic groups after the collapse.
Thus, replacing the N-ethyl substituent of P12 with a polar 2-hydroxyethyl group turned a
water-soluble polymer into a UCST thermosensitive polymer. Instead of improving the polymer’s
solubility in water, the polar hydroxy group enhanced the intra- and intermolecular attractions
between zwitterionic groups, likely through the hydrogen bonding between each other and the
dipole-ion interactions with zwitterionic groups, resulting in a poorer solubility in water. Note that
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Figure 2.4. Plots of transmittance at the wavelength of 500 nm versus temperature for P12OH-1
(A) and P12OH-2 (B) in water at a concentration of 1.0 wt% from a cooling-heating cycle. (C)
Plots of transmittance versus temperature for P12OH-1 in water at different concentrations from
cooling processes and (D) plot of cloud point versus concentration for P12OH-1 determined from
(C).

78

the [] of P12OH-1 (0.358 dL/g) is higher than that of P11 (0.284 dL/g), but the CP (33 C) was
lower by 14 C than P11, which means that everything else being equal the solubility of P12OH
in water is better than P11. This is likely caused by the larger size of -CH2CH2OH, compared with
the N-methyl of P11, which presents a higher steric hindrance than the methyl group and weakens
to some degree the interactions between zwitterionic groups, as well as the hydrogen bonding
between -CH2CH2OH and water. Based on this reasoning, it is possible that increasing the length
of the N-(CH2)nOH substituent in a certain range while keeping the N-methyl substituent could
result in the disappearance of the UCST transition in water without introducing LCST for
corresponding PDPSMAs.
2.3.4. Solution Behavior of P1C6 and P1P6 in Water
Next, we investigated the effect of molecular shape of one N-alkyl substituent and the effect
of aromaticity of one N-substituent, where the aromatic moiety does not comprise and is directly
attached to the nitrogen atom as a substituent, on solution behavior of PDPSMAs in water. P16
with a n-hexyl and a methyl group at the nitrogen atom is a LCST-type thermoresponsive
zwitterionic polymer with a CP of ~ 22 C in water.33 Compared with n-hexyl, cyclohexyl has a
compact structure and a smaller surface area. Unlike saturated alkyls, aromatic N-substituents
without containing the ammonium nitrogen can interact with charges. Therefore, to gain an
understanding of the structure-solution-property relationship, it would be beneficial to examine
how the molecular shape and the aromaticity of N-substituents of PDPSMAs affect the polymer’s
behavior in water. For comparison, two P16 samples were made by conventional free radical
polymerization in this work and as expected both exhibited a LCST transition in water (Figure
2.1F) with CPs of 11 C (for P16-1 with [] of 0.248 dL/g) and 12 C (for P16-2 with [] of 0.227
dL/g) from the heating process (Figures 2.5A and A29 in Appendix A). These CPs were lower
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Figure 2.5. (A) Plot of transmittance at the wavelength of 500 nm versus temperature for 1.0 wt%
P16-1 in Milli-Q water from a heating-cooling cycle. (B) Plot of transmittance versus temperature
for P1P6-4 at various concentrations upon cooling, and (C) plot of cloud point versus polymer
concentration for P1P6-4 from (B).
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than that of the P16 we previously made by RAFT polymerization (~ 22 C),33 likely because the
molecular weights of P16-1 and -2 are much higher. Similar to P55-1 in Figure 2.3A, variable
temperature 1H NMR spectroscopy analysis showed that the peaks of P16-2 decreased in intensity
around the CP upon heating (Figure 2.3C). Replacing the linear N-hexyl substituent with
cyclohexyl, we found, produced a soluble polymer (P1C6) with no LCST or UCST transition in
water in the temperature range of 0 – 100 C (Figure 2.1G). Note that P1C6-2 had a [] of 0.520
dL/g, much higher than those of P16-1 and -2. This could be attributed to three factors. (i) A
compact, bulkier cyclohexyl group is likely more effective in sterically weakening the electrostatic
attractive interactions between zwitterionic groups, making the polymer more soluble in water. (ii)
Hydrophobic effect depends on the surface contact area of the hydrophobic moiety with water; a
more compact molecular geometry of cyclohexyl means less structured water and thus less
entropic penalty.51,52 Studies have shown that it costs 5.2 kJ mol-1 to transfer cyclohexane into
water from the vapor phase at 298 K, whereas it costs 10.7 kJ mol-1 for hexane.52 (iii) A more
compact molecular shape of the cyclohexyl group as an N-substituent means more carbon atoms
closer to the positive charge center, resulting in more disruption of hydrophobic hydration and thus
less water of hydrophobic hydration.50
On the other hand, replacing the N-cyclohexyl with a phenyl ring gave a water-insoluble
polymer by conventional free radical polymerization (P1P6-1 in Table 2.1). Suspecting that the
molecular weight from the AIBN-initiated radical polymerization was too high, we made three
lower molecular weight P1P6 samples by RAFT polymerization: P1P6-2 ([] = 0.075 dL/g; Mn,SEC
= 2.6 kDa), P1P6-3 ([] = 0.056 dL/g; Mn,SEC = 2.3 kDa), and P1P6-4 ([] = 0.051 dL/g; Mn,SEC =
2.0 kDa) (Table 2.1). Even with a [] value of 0.075 dL/g and a Mn,SEC of 2.6 kDa, P1P6-2 was
still insoluble in water; intriguingly, P1P6-3 and P1P6-4 displayed UCST behavior in pure water
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at low concentrations, and P1P6-4 with the lowest molecular weight had a better solubility. As can
be seen from Figure 2.1H, the 1 wt% P1P6-4 in water is clear at 90 C but cloudy at 65 and 10 C.
Figure 2.5B shows the plots of transmittance versus temperature for P1P6-4 at concentrations from
0.1 wt% to 1.0 wt%. Similar to P12OH-1 in Figures 2.4C and D, the CP decreased with decreasing
concentration, a characteristic feature for UCST polymers (Figure 2.5C). The transmittance data
for P1P6-3 in the concentration range of 0.04 wt% to 0.2 wt% can be found in Appendix A (Figure
A30). (It was difficult to obtain homogeneous solutions at higher concentrations for P1P6-3.) At
the concentration of 0.2 wt%, the CP of P1P6-3 was 56 C, much higher than that of P1P6-4 (37
C). Evidently, the solubility and the UCST transition of P1P6 in water are very sensitive to the
molecular weight. Figure 2.3D shows the 1H NMR spectra of 0.2 wt% P1P6-4 in D2O at various
temperatures; similar to P12OH-2 (Figure 2.3B), the peaks’ intensities decreased with decreasing
temperature across the CP, although no sharp transition was discerned. Our observation that high
molecular weight P1P6 homopolymers are insoluble in water is consistent with many reports in
the literature that incorporating aromatic rings, particularly N-containing heterocycles, into other
zwitterionic polymers often produces polymers insoluble in pure water,3,6,26-28 although there also
exist examples in the literature that the polymers are soluble in water.4,53-55 Vasantha et al. reported
that imidazole-based zwitterionic polystyrenics were insoluble in pure water but exhibited UCST
behavior in brine.6
The results presented above showed that varying one N-substituent from n-hexyl to cyclohexyl
and phenyl led to dramatic changes in the solution behavior and thermoresponsive properties of
PDPSMAs in water. The introduction of an N-phenyl substituent significantly increased the
attractive interactions between zwitterionic groups, making the polymer much less soluble in
water. The enhanced overall intra- and intermolecular attractive forces between the pendant
82

zwitterions likely resulted from the following effects and interactions. (i) The - interactions56
between neighboring N-phenyl substituents will increase the attractive force between zwitterionic
groups. (ii) There are strong intra- and interchain cation- interactions between the positively
charged ammonium cation and the electro-rich phenyl ring. The interaction between benzene and
methylammonium in water could amount to 5.5 kcal/mol,57 which is comparable to water-water
hydrogen bonding. (iii) There are also anion- interactions58 between sulfonate anions and phenyl
rings, which could also contribute to the overall electrostatic interactions between zwitterionic
groups. Note that for aromatic rings, the  system above and below the ring results in a quadrupole
charge distribution in the ring, making it possible for aromatic rings to interact with both cations
and anions. Despite the enhanced interactions, when the molecular weight of P1P6 is low, the
electrostatic inter-locking can still be disrupted by thermal motions as shown above for P1P6-3
and -4, rendering a UCST transition to the polymers in water.
2.3.5. Tuning of UCST Transitions by Copolymerization of M1P6 and M22
Copolymerization of two or more monomers is widely used for tuning the LCST and UCST
transitions of thermoresponsive polymers in water.59-62 Because P1P6 is a UCST polymer only at
rather low molecular weights and P22 is completely soluble in water from 0 to 100 C, we
copolymerized M1P6 and M22 with various molar ratios via AIBN-initiated radical
polymerization in order to increase the solubility of the polymers in water and modify their UCST
transition temperatures. Five copolymers with the molar contents of M1P6 units from 42.1 to
18.1% were synthesized and the characterization data are summarized in Table 2.2 (see Figures
A31 and A32 in Appendix A). All five copolymers were found to display a UCST transition in
water. Figure 2.6A shows 1.0 wt% aqueous solutions of PCO-1, -2, -3, -4, and -5 at 10, 65, and 90
C. The CPs of PCO-1 and -5 at a concentration of 1.0 wt% were 88 and 1 C, respectively,
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Table 2.2. Synthesis and Characterization of Zwitterionic Copolymers of M1P6 and M22
Copolymer
PCO-1
PCO-2
PCO-3
PCO-4
PCO-5

Mole % of M1P6 in
Feed a
50.0
41.2
33.3
27.0
16.7

Mole % of M1P6 in
Copolymer b
42.1
37.0
29.3
24.7
18.1

[]
(dL/g)
0.299
0.291
0.415
0.372
0.439

Cloud Point
(C)
88 C
46 C
36 C
11 C
1 C

a

Molar content of M1P6 in the feed. b The molar content of M1P6 units in the copolymer was
determined from the 1H NMR spectrum using the integrals of the peaks in the range of 7.52 – 8.19
ppm, which corresponded to the five hydrogen atoms in the phenyl ring of M1P6 units, and the
peaks from 2.72 – 3.19 ppm, which corresponded to -CH2SO3- of M1P6 and M22 monomer units.
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Figure 2.6. (A) Optical photos of five copolymers of M1P6 and M22 (PCO-1, -2, -3, -4, and -5)
in Milli-Q water at a concentration of 1.0 wt% at 10, 65, and 90 C. (B) Plot of transmittance at
the wavelength of 500 nm versus temperature for a 1.0 wt% aqueous solution of PCO-2, PCO-3,
and PCO-4 upon cooling, and (C) Plot of cloud point versus molar content of M1P6 in the
copolymer.
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determined by visual inspection using a thermostated oil bath and an Isotemp water bath,
respectively. The CPs of the other three copolymers (PCO-2, -3 and -4) were measured from the
plots of transmittance versus temperature presented in Figure 2.6B, and they were 46, 36, and 11
C, respectively. Figure 2.6C shows the plot of CP versus molar content of M1P6 monomer units
in the copolymer. Although there is a clear trend that the CP increased with increasing molar
content of M1P6 monomer units, the correlation is not perfectly linear. This could be caused by
the different [] values of these copolymers, dispersities, distributions of two types of monomer
units, etc. In particular, the CPs of UCST polymers are known to be heavily affected by molecular
weight,5,25 as can also be seen from our P1P6 homopolymers. Nevertheless, this study showed that
the CPs of the UCST zwitterionic copolymer of M1P6 and M22 can be tuned by varying the molar
ratio of two zwitterionic monomer units.

2.4. Conclusions
In summary, we synthesized a series of DPSMA-based zwitterionic PSBMAs with various Nsubstituents, including two symmetric n-alkyls with varying lengths, one methyl and one n-hexyl,
one methyl and one cyclohexyl, as well as one methyl and one phenyl group at the nitrogen atom,
to elucidate the effects of N-substituents on solution behavior of these PDPSMAs in water.68 The
main results are summarized below. (i) With increasing the lengths of two symmetric N-n-alkyl
substituents simultaneously, the behavior of PDPSMAs in water changed from UCST to soluble,
LCST, and insoluble, which likely is a result of the competition between the weakening of
zwitterionic interactions and the increase of hydrophobic effect with increasing alkyl length. (ii)
Installing a hydroxy group at the end of the N-ethyl substituent of P12 enhanced the attractive
interactions between zwitterion groups, turning a water-soluble polymer to a UCST polymer. (iii)
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Replacing the N-n-hexyl substituent of P16 with cyclohexyl changed the polymer from LCST-type
thermoresponsive to water-soluble due to the decreased hydrophobic effect. Replacing the Ncyclohexyl group with a phenyl ring led to a water-insoluble polymer when the molecular weights
were high, which was attributed to the increased zwitterionic inter-locking, while lower molecular
weight species exhibited UCST behavior in water. In addition, we showed that the CP of the UCST
thermoresponsive copolymers of M1P6 and M22 can be readily modified by varying the molar
ratio of two monomer units.
This study provides an insight into the structure-solution-behavior relationship of zwitterionic
PDPSMAs with a general molecular structure shown in Scheme 2.1 (i.e., two CH2 groups between
the ester and the ammonium, three CH2 groups between the ammonium and the sulfonate group,
and two separate substituents, R and R, at the nitrogen atom) in water, which may facilitate the
design of UCST- and LCST-type thermoresponsive as well as water-soluble zwitterionic polymers
by varying N-substituents. (i) LCST-type thermoresponsive PDPSMAs may be produced by
introducing n-alkyls of appropriate lengths (five or six carbon atoms) as N-substituents. (ii) UCSTtype thermoresponsive PDPSMAs may be obtained by increasing zwitterionic interactions through
the introduction of an aromatic or a small, hydroxyl-containing N-substituent. (iii) Water-soluble
PDPSMAs may be obtained by using n-alkyls of intermediate lengths (1 < number of carbon atoms
in each N-n-alkyl substituent < 5) or cycloalkyl or other compact (e.g., branched) structures as Nsubstituents. It is possible to achieve zwitterionic PDPSMAs that show UCST and LCST
transitions in water in the temperature of 0 – 100 C31,63 by using one substituent from (i) and
another substituent from (ii). The knowledge generated from this study about PDPSMAs may be
useful for understanding the structure-solution-behavior relationships of other types of zwitterionic
polymers in water. Given the widespread use of zwitterionic materials, the insight gained from this
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work could open new research opportunities for both fundamental studies and potential
applications. Moreover, the zwitterionic polymers reported here could be used in the design of
functional and responsive surfaces1,2,11-22 and in the synthesis of zwitterionic nanogels,9
zwitterionic schizophrenic block copolymer micelles,64,65 and shape-changing molecular
bottlebrushes66,67 for possible applications such as drug delivery.
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Appendix A

For

Chapter 2: Effects of N-Substituents on Solution Behavior of Poly(sulfobetaine
methacrylate)s in Water: UCST and LCST
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Figure A1. 1H (A) and 13C (B) NMR spectra of zwitterionic monomer M22 in D2O.
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Figure A2. 1H (A) and 13C (B) NMR spectra of zwitterionic monomer M44 in D2O.
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Figure A3. 1H (A) and 13C (B) NMR spectra of M55 in D2O.
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Figure A4. 1H (A) and 13C (B) NMR spectra of zwitterionic monomer M66 in D2O.
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Figure A5. 1H (A) and 13C (B) NMR spectra of zwitterionic monomer M1C6 in D2O.
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Figure A6. 1H (A) and 13C (B) NMR spectrum of zwitterionic monomer M1P6 in D2O.
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Figure A8. 1H NMR spectrum of P11 in D2O with 0.5 M NaCl.
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Figure A9. 1H NMR spectra of P22-1 (A) and P22-2 (B) in D2O with 0.5 M NaCl.

107

EL-III-228-P44

EL-III-200-P44

b a

b a

P44-1
n

O

n

HDO

O
O

O

h

e + d
N
f j

h
g

i

g

k

SO 3 -

e k
c

(A)

7

6

HDO

c

c
g

P44-2

5

di

h

e+ d
N
f j

b

i

g

k

SO 3 -

f
j

h

e k

a

c

di

f
j

b

a

(B)

4

3

 (ppm)

2

1

0

7

6

5

4

3

2

1

0

 (ppm)

Figure A10. 1H NMR spectra of P44-1 (A) and P44-2 (B) in D2O with 0.5 M NaCl.

108

EL-II-288-P55

O

e

a

HDO

a
b
c N+ c
d

f

f

S
O O-

bd

a

6

5

4

f

O

O

(A)

7

n
O

f

b
c N+ c
d
f

P55-2

P55-1

n
O

c e

e

 (ppm)

2

1

0

7

f

O

S
O O-

b

a

(B)
3

HDO

6

5

4

d

c e

3

2

1

0

 (ppm)
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Figure A13. 1H NMR spectra of P16-1 (A) and P16-2 (B) in D2O with 0.5 M NaCl.
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Figure A14. 1H NMR spectra of (A) P1C6-1 and P1C6-2 (B) in D2O with 0.5 M NaCl.
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Figure A15. 1H NMR spectra of P1P6-1 (A), P1P6-2 (B), P1P6-3 (C), and P1P6-4 (D) in D2O
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Figure A17. Plots of lnrel/c (Kraemer plot) and sp/c (Huggins plot) versus polymer concentration
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Figure A19. Plots of lnrel versus concentration for P22-1 (A) and P22-2 (B). rel = t1/t0, where t1
and t0 are the flow times for a polymer solution with a certain concentration and 2,2,2trifluoroethanol, respectively, at 25.0 C.
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Figure A20. Plots of lnrel versus concentration for P44-1 (A) and P44-2 (B). rel = t1/t0, where t1
and t0 are the flow times for a polymer solution with a certain concentration and 2,2,2trifluoroethanol, respectively, at 25.0 C.
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Figure A21. Plots of lnrel versus concentration for P55-1 (A) and P55-2 (B). rel = t1/t0, where t1
and t0 are the flow times for a polymer solution with a certain concentration and 2,2,2trifluoroethanol, respectively, at 25.0 C.
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Figure A22. Plots of lnrel versus concentration for P66-1 (A) and P66-2 (B). rel = t1/t0, where t1
and t0 are the flow times for a polymer solution with a certain concentration and 2,2,2trifluoroethanol, respectively, at 25.0 C.
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Figure A23. Plots of lnrel versus concentration for P16-1 (A) and P16-2 (B). rel = t1/t0, where t1
and t0 are the flow times for a polymer solution with a certain concentration and 2,2,2trifluoroethanol, respectively, at 25.0 C.
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Figure A24. Plots of lnrel versus concentration for P1C6-1 (A) and P1C6-2 (B). rel = t1/t0, where
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Figure A25. Plot of lnrel versus concentration for (A) P1P6-1, (B) P1P6-2, (C) P1P6-3, and (D)
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Figure A26. Plot of lnrel versus concentration for (A) P12OH-1 and (B) P12OH-2. rel = t1/t0,
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Figure A27. Size exclusion chromatography (SEC) curves of zwitterionic P1P6-2, P1P6-3, and
P1P6-4 synthesized by reversible addition-fragmentation chain transfer polymerization using 0.2
M NaNO3 aqueous solution as eluent.
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Figure A28. Plot of transmittance at the wavelength of 500 nm versus temperature for P55-2 in
Milli-Q water at a concentration of 1.0 wt% in a heating-cooling cycle.
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Figure A29. Plot of transmittance at the wavelength of 500 nm versus temperature for P16-2 in
Milli-Q water at a concentration of 1.0 wt% from a heating-cooling cycle.

127

60
(B) P1P6-3

(A) P1P6-3

55

0.04%
0.06%
0.08%
0.15%
0.2%

60

o

80

Cloud Point ( C)

Transmittance (%)

100

40
20

50
45
40
35

0
10

20

30

40

50
o

Temperature ( C)

60

70

0.02

0.06

0.10

0.14

0.18

0.22

P1P6-3 Concentration (%)
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Figure A31. 1H NMR spectra of (A) PCO-1, (B) PCO-2, (C) PCO-3, (D) PCO-4, and (E) PCO-5
(zwitterionic copolymers of M22 and M1P6 with different compositions) in D2O with 0.5 M NaCl.
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Figure A32. Plot of lnrel versus concentration for (A) PCO-1, (B) PCO-2, (C) PCO-3, (D) PCO4, and (E) PCO-5. rel = t1/t0, where t1 and t0 are the flow times for a polymer solution with a certain
concentration and 2,2,2-trifluoroethanol, respectively, at 25.0 C.
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Chapter 3: Zwitterionic Poly(sulfobetaine methacrylates) as Kinetic Gas
Hydrate Inhibitors
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The work presented in this Chapter has been published in Chemical Engineering
Science 2021, 229, 116031. I synthesized and characterized P14, P15, P16-1, and P55 and Caleb
A. Bohannon synthesized and characterized P6-2, P6-3, P6-4, PCO-1 and PCO-2 except for
viscometry (done by me). The KHI tests were done by our collaborators Qian Zhang and Prof.
Malcolm A. Kelland at the University of Stavanger in Norway. Prof. Bin Zhao advised the
synthesis and characterization part of the work at the University of Tennessee, Knoxville,
Tennessee.

Abstract
Kinetic hydrate inhibitors (KHIs) are commercially used to prevent the formation of gas
hydrates in gas and oil transportation pipelines, and continued effort is being made to seek more
efficient KHIs. To test the potential of zwitterionic PSBMAs as KHIs, a series of zwitterionic
PSBMA homopolymers with N-n-alkyl substituents of 4-6 carbon atoms and copolymers of a
zwitterionic PSBMA with one N-methyl and one N-n-hexyl substituent and isopropyl methacrylate
were synthesized by either reversible addition-fragmentation chain transfer polymerization or
AIBN-initiated conventional free radical polymerization and thoroughly characterized. KHI tests
showed that PSBMAs with one N-methyl and one N-n-hexyl substituent performed similarly or
even slightly better than the commercially used poly(N-vinylcaprolactam), which is likely because
of its water solubility and the large hydrophobic effect associated with the n-hexyl group. This
study demonstrates the potential use of zwitterionic polymers as kinetic gas hydrate inhibitors.
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3.1. Introduction
Zwitterionic polymers, such as poly(sulfobetaine methacrylate)s (PSBMAs), contain two
oppositely charged groups most often in the same repeat units.1 Two well-known and widely used
examples of zwitterionic homopolymers are poly(3-((2-methacryloyloxyethyl)dimethylammonio)propane-1-sulfonate), a PSBMA, and poly(3-(N-(3-methacrylamidopropyl)dimethylammonio)propane-1-sulfonate) (PMAMPS).2 These polyelectrolytes display many interesting
properties, such as high hydrophilicity (for common zwitterionic polymers),1 stimuli-responsive
property,2,3 and antipolyelectrolyte effect.4,5 They have been evaluated and have shown promise
for a variety of applications, including anti(bio)fouling,1,6,7 anti-icing and anti-freezing,8,9
lubrication,10 oil-water separation,11 and cryopreservation.12 This chapter describes a new potential
application of zwitterionic polymers – kinetic gas hydrate inhibitors.
Gas hydrates are clathrate crystalline solids that are formed from low molar mass hydrocarbon
compounds (e.g., methane and ethane) and water under low temperature and high pressure
conditions, where water molecules form a cage around a gas molecule.13 Gas hydrates are also
known as combustible ice, which could be exploited as a fuel and has attracted tremendous interest.
However, when gas hydrates are formed in the gas and oil transportation pipelines, they could
cause blockage, which may lead to a disaster. Adding kinetic hydrate inhibitors (KHIs) can prevent
gas hydrate formation in gas and oil field production lines. KHIs are water-soluble polymers used
at the low concentration range of 0.1 to 2.0 wt%.14 Commercially used KHIs are mostly amidecontaining water-soluble polymers,14,15 such as poly(N-vinylcaprolactam) (PVCap) and poly(Nisopropyl methacrylamide). To seek more efficient KHIs, various water-soluble polymers have
been investigated. For example, poly(hydroxyl-N-alkylcarbamate)s were studied, and it was found
that increasing the alkyl pendant group increased the KHI performance,16 likely due to a nucleation
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inhibition effect exerted by the alkyl pendant group in the formation of water cage-like structures
around gas molecules. However, if the alkyl pendant group is too long, the polymer becomes
insoluble in water. Thus, PSBMAs with suitable N-alkyl substituents could be efficient KHIs,
which led us to collaborate with Professor Malcolm Kelland’s group at the University of Stavanger
in Norway to investigate our zwitterionic PSBMAs as KHIs. A series of PSBMAs homopolymers
and copolymers with N-n-alkyl substituents of 4-6 carbon atoms were synthesized (Scheme 3.1).
KHI testing showed that these polymers were efficient KHIs and the best performer was P16. Since
the KHI testing was conducted in Norway, this chapter mainly presents the synthesis and
characterization of zwitterionic polymers and briefly discusses the testing results.

3.2. Experimental Section
3.2.1. Materials
2-(Methylamino)ethanol (99%, Alfa Aesar), 2-aminoethanol (99%, Alfa Aesar), 1,3propanesultone (99%, Alfa Aesar), 1-bromobutane (99%, Alfa Aesar), 1-bromopentane (99%,
Alfa Aesar), 1-bromohexane (98%, Alfa Aesar), hydroquinone (99%, Acros Organics), 2,2,2trifluoroethanol (>99% from Alfa Aesar or 99.9% from Oakwood Chemical), and N,Ndimethylacetamide (99.5%, extra dry, Acros Organics) were used as received. Methacryloyl
chloride (97%, Sigma-Aldrich) was distilled under vacuum and stored in a freezer. Triethylamine
(99%, Alfa Aesar) was stirred over CaH2 and distilled prior to use. ,’-Azobisisobutyronitrile
(AIBN, 98%, Sigma-Aldrich) was recrystallized from ethanol, dried under vacuum, and stored in
a refrigerator. N-Isopropyl methacrylamide (97%) was purchased from Sigma-Aldrich and was
recrystallized from n-hexane twice. n-Butyl (2-cyano-2-propyl) trithiocarbonate (Scheme 3.1), the
chain transfer agent used for reversible addition-fragmentation chain transfer polymerization in
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Scheme 3.1. Molecular Structures of n-Butyl (2-Cyano-2-propyl) Trithiocarbonate (the Chain
Transfer Agent), Zwitterionic Monomers, and Polymers.
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this work, was prepared according to the procedures from the literature,17-19 and the molecular
structure was confirmed by NMR spectroscopy analysis. Zwitterionic monomers M14, M15, and
M16 (Scheme 3.1) were synthesized using the same procedures reported previously.20 The
synthesis of monomer M55 for zwitterionic homopolymer P55 (Scheme 3.1) was described in
Chapter 2, and the molecular structure was verified by 1H and 13C NMR spectroscopy. All other
chemical reagents were obtained from either Fisher Scientific or Aldrich and used without further
purification. The dialysis tubing with a molecular weight cutoff of 3500 Da used for the
purification of zwitterionic polymers was purchased from Fisher Scientific and made from
regenerated cellulose.
3.2.2. Instrumentation and Characterization Methods
1

H NMR spectroscopy analysis of zwitterionic polymers was performed on a Mercury 300

MHz or a Varian VNMRS 500 or a Varian VNMRS 600 MHz spectrometer using D2O with 0.5
M NaCl or pure D2O. Size exclusion chromatography (SEC) of P14, P15, and P16-1 was
performed using a SEC system composed of a refractive index detector (RI detector K-2301 from
Knauer), one PSS Suprema 10 μm guard column (50 8 mm) and three PSS Suprema 10 μm
columns (300 18 mm each, 100 Å, 3000 Å, and 10000 Å). A 0.2 M aqueous solution of NaNO3
was used as the eluent, and the flow rate was 1.0 mL/min during the analysis. The SEC system
was calibrated with narrow disperse PEO standards. The molecular weight and dispersity of P55
were measured, relative to polystyrene standards, at 50 °C using a PL-GPC 50 Plus system
(Polymer Laboratories, Inc.) consisting of one PSS GRAL 10 µm guard column (50 × 8 mm, PSSUSA, Inc.), two PSS GRAL 10 µm linear columns (each 300 × 8 mm, linear range of molecular
weight from 500 to 1 000 000 Da, PSS-USA, Inc.), and a differential refractive index detector.
N,N-Dimethylformamide (DMF) with 50 mM LiBr was used as the mobile phase at a flow rate of
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1.0 mL/min. Narrow disperse linear polystyrene standards (Scientific Polymer Products, Inc.) were
used for calibration. The SEC data were processed using Cirrus GPC/SEC software from Polymer
Laboratories, Inc. The purified zwitterionic monomers and polymers were freeze-dried using a
LABCONCO 76705 Series Freeze Dryer.
The intrinsic viscosity ([]) values of zwitterionic polymers P16-2, P16-3, P16-4, P55, PCO1, and PCO-2 in 2,2,2-trifluoroethanol (TFE) at 25 °C were measured using a Ubbelohde
viscometer (Cannon-Ubbelohde Dilution Viscometer 150 D429) according to a method proposed
by Wolf, et al. for polyelectrolytes.21,22 The initial slope of the plot of lnrel versus polymer
concentration was determined by linear fitting, yielding the [] value as described by Wolf, et al.
It should be noted here that the traditional method for determining [] by linear extrapolation of
sp/c toward c → 0 fails for many polyelectrolytes in solution.21,22 The cloud points of
thermoresponsive zwitterionic polymers in Milli-Q water at a concentration of 3 wt% or 1 wt%
were measured by visual inspection using an Isotemp water bath (Fisher Scientific, model 3006).
The temperature of the water bath increased in a stepwise fashion and at each selected temperature,
the polymer solution was equilibrated for 1 min. The temperature at which the solution turned
cloudy was recorded as the cloud point.
3.2.3. Synthesis of Zwitterionic Polymers P14, P15, P16-1, P16-2, and P16-3
Zwitterionic homopolymers P14, P15, P16-1, P16-2, and P16-3 were synthesized from the
corresponding monomers by reversible addition fragmentation chain transfer (RAFT)
polymerization using n-butyl (2-cyano-2-propyl) trithiocarbonate as the chain transfer agent and
AIBN as initiator, as described in a publication from our group.20 For P14: Mn,SEC = 3.4 kDa, Ð =
3.80 (relative to PEO standards). P14 was soluble in water and no cloud point was observed. For
P15: Mn,SEC = 2.3 kDa, Ð = 4.69 (relative to PEO standards). The cloud point of P15 in water at a
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concentration of 3 wt% was about 51 C. For P16-1: Mn,SEC = 7.5 kDa, Ð = 3.51 (relative to PEO
standards). The cloud point of P16-1 in water at a concentration of 3 wt% was about 18 C. The
[] of P6-2 in 2,2,2-trifluoroethanol at 25 C was 0.116 dL/g. The cloud points of P16-2 in water
at concentration of 3 wt% and 1 wt% were about 14 and 18 C, respectively. The [] of P16-3 in
2,2,2-trifluoroethanol at 25 C was 0.166 dL/g. The cloud points of P16-3 in water at concentration
of 3 wt% and 1 wt% were about 15 and 21 C, respectively. Note that P16-3 exhibited a rather
broad LCST transition in water upon heating, likely because of a broad molecular weight
distribution.
3.2.4. Synthesis of Zwitterionic Homopolymers P55 and P16-4 by Conventional Free Radical
Polymerization Using AIBN as Initiator
3-((2-(Methacryloyloxy)ethyl)dipentylammonio)propane-1-sulfonate (M55, 0.603 g, 2.03
mmol), AIBN (7.1 mg, 0.043 mmol), 2,2,2-trifluoroethanol (2.039 g), and N,Ndimethylformamide (90.5 mg) were added to a 25 mL two-necked flask equipped with a magnetic
stir bar. The mixture was degassed by freeze-pump-thaw and placed in a preheated oil bath with a
temperature of 70 °C. After 17 h, the polymerization was stopped, and the polymer was purified
by dialysis against MilliQ water using regenerated cellulose dialysis tubing (MWCO: 3500 Da).
The purified polymer was concentrated and freeze dried to give a white powder (yield: 0.508 g,
84.2%). Mn,SEC = 64.9 kDa and Ð = 2.36 (relative to polystyrene standards using DMF with 50
mM LiBr as the mobile phase). The [] of P55 in 2,2,2-trifluoroethanol at 25 C was determined
to be 0.490 dL/g. The cloud point of P55 in MilliQ water at 1 wt% was 37 °C. P16-4 was
synthesized in a similar manner, and the [] in 2,2,2-trifluoroethanol at 25 °C was determined to
be 0.442 dL/g. The cloud points of P6-4 in water at concentration of 3 wt% and 1 wt% were about
10 and 11 C, respectively.
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3.2.5. Synthesis of Zwitterionic Copolymers PCO-1 and -2 by Conventional Free Radical
Copolymerization of M16 and N-Isopropylmethacrylamide Using AIBN as Initiator
PCO-1 and -2 (Scheme 3.1) were prepared using similar procedures, and the following shows
the synthesis of PCO-1. M16 (0.611 g, 1.73 mmol), N-isopropylmethacrylamide (0.219 g, 1.75
mmol), AIBN (11.6 mg, 7.06×10-2 mol), and 2,2,2-trifluoroethanol (3.0 g) were weighed into a 25
mL two-necked flask with a magnetic stirrer and were degassed by three freeze-pump-thaw cycles.
The flask was then placed into a 70 C oil bath to start the polymerization. After 26 h, the flask
was removed from the oil bath, and the mixture was transferred into a regenerated cellulose dialysis
tubing with a molecular weight cut-off of 3500 Da and dialyzed against Milli-Q water. The
aqueous solution of the copolymer, PCO-1, was then concentrated and freeze-dried using a
LABCONCO 76705 Series Freeze Dryer.

3.3. Results and Discussion
3.3.1. Synthesis of Zwitterionic PSBMA Homopolymers with Various N-n-Alkyl Substituents
A total of seven PSBMA homopolymers were synthesized from M14, M15, M16, and M55 by
reversible addition fragmentation chain transfer (RAFT) polymerization using the CTA shown in
Scheme 3.1 or conventional radical polymerization, as summarized in Table 3.1. P14, P15, and
P16-1 were made by RAFT polymerization, and their molecular weights and dispersities were
measured using an aqueous size exclusion chromatography (SEC) system with PEO standards for
calibration. The 1H NMR spectra and SEC curves for these three polymers are shown in Figures
3.1 – 3.3. The rather high dispersities indicated that the polymerizations were not controlled, a
problem encountered for zwitterionic monomers that have not been solved. A possible reason is
that there might be some impurities in the monomers that interfered the RAFT polymerization,
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Table 3.1. Summary of Characterization Data for Zwitterionic Polymers
Polymer

Monomer(s)

Synthesis

Polymer’s Molecular

Method b

Characteristics

(3 wt%) e

(1 wt%) e

CP in H2O CP in H2O

P14

M14

RAFT

Mn,SEC = 3.4 kDa; Ð = 3.80 c

Soluble

Soluble

P15

M15

RAFT

Mn,SEC = 2.3 kDa; Ð = 4.69 c

51 C

NA

P16-1

M16

RAFT

Mn,SEC = 7.5 kDa; Ð = 3.51 c

18 C

NA

P16-2

M16

RAFT

[] = 0.116 dL/g d

14 C

18 C

P16-3

M16

RAFT

[] = 0.166 dL/g d

15 C f

21 C f

P16-4

M16

AIBN

[] = 0.442 dL/g d

10 C

11 C

P55

M55

AIBN

Mn,SEC = 64.9 kDa; Ð = 2.36 e

NA

37 C

[] = 0.490 dL/g d
PCO-1

M16 +

AIBN

[] = 0.350 dL/g d

NA

27 C

AIBN

[] = 0.286 dL/g d

NA

30 C

NIPMAM a
PCO-2

M16 +
NIPMAM a

a

NIPMAM: N-isopropyl methacrylamide. b RAFT: reversible addition-fragmentation chain
transfer polymerization; AIBN: ,’-azobisisobutyronitrile (AIBN)-initiated conventional free
radical polymerization. c Mn,SEC and Ð were determined by an aqueous SEC system relative to
PEO standards. d Intrinsic viscosity in 2,2,2-trifluoroethanol at 25 C determined using the Wolf
method.21,22 e Mn,SEC and Ð were determined by a DMF SEC system relative to polystyrene
standards. e CP: cloud point in Milli-Q water determined by visual inspection. f P6-3 exhibited a
broad LCST transition in water upon heating.
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Figure 3.1. (A) 1H NMR spectrum of P14 in D2O and (B) SEC curve of P14 from an aqueous SEC
system using a 0.2 M aqueous solution of NaNO3 as eluent.
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Figure 3.2. (A) 1H NMR spectrum of P15 in D2O and (B) SEC curve of P15 from an aqueous SEC
system using a 0.2 M aqueous solution of NaNO3 as eluent.
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Figure 3.3. (A) 1H NMR spectrum of P16-1 in D2O and (B) SEC curve of P16-1 from an aqueous
SEC system using a 0.2 M aqueous solution of NaNO3 as eluent.
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even if these impurities were not visible in 1H NMR spectra. Washing was the only means for
purifying zwitterionic monomers, and likely washing alone could not remove all the impurities.
P14 was soluble in water, while 3 wt% P15 and P16-1 exhibited a clout point (CP) at 51 and 18
C, respectively. These CPs were very close to the values observed before,20 47 C for 3.0 wt%
P15 and 21 C for P16.
For P16-2, P16-3, P16-4, and P55, we measured their intrinsic viscosity [] values in 2,2,2trifluroethanol at 25 C. Instead of plotting of sp/c (or lnrel/c) versus concentration c, we used
the method reported by Wolf to make a plot of lnrel versus polymer concentration c.21,22 The initial
slope of the plot is determined by linear fitting, yielding the []. The plots are shown in Figure 3.4,
and the [] values are summarized in Table 3.1. The 1H NMR spectra of P16-2, P16-3 and P16-4
are shown in Figure 3.5, which agreed with their molecular structures. Interestingly, we found that
P55 is soluble in DMF, allowing us to measure its molecular weight and dispersity by a DMF GPC
system. Figure 3.6 shows the 1H NMR spectrum in D2O and the SEC trace of P55; the Mn,SEC was
64.9 kDa and the dispersity was 2.36, relative to polystyrene standards. The cloud points of P162 and P16-3 were 14 and 15 C, respectively, slightly lower than that of P16-1, whereas the cloud
point of P16-4 was significantly lower, 10 C, presumably because of its much higher molecular
weight as can be seen from its much higher [] value (0.442 dL/g) compared with that of P16-3
(0.166 dL/g). P55 is also an LCST-type thermosensitive polymer as described in Chapter 2. Here,
the cloud point was found to be 37 C at an [] value of 0.490 dL/g, slightly lower than that of
P55 with an [] of 0.288 dL/g in Chapter 2. This is reasonable because for LCST-type polymers
the cloud point decreases with increasing molecular weight or intrinsic viscosity.20
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Figure 3.4. Plots of lnrel versus polymer concentration for P16-2, P16-3, P16-4, and P55. From
the slope determined from linear fit for each plot, the [] value was 0.116 dL/g for P16-2, 0.166
dL/g for P16-3, 0.442 dL/g for P16-4, and 0.490 dL/g for P55.
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Figure 3.5. 1H NMR spectra of P16-2, P16-3, and P16-4 in D2O with 0.5 M NaCl.
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Figure 3.6. (A) 1H NMR spectrum of P55 in D2O and (B) SEC curve of P55 from a DMF SEC
system using DMF with 50 mM LiBr as eluent.
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3.3.2. Synthesis of Random Copolymers of M16 and N-Isopropyl Methacrylate
Poly(N-isopropyl methacrylate) is an efficient KHI.14 We further synthesized two random
copolymers of M16 and N-isopropyl methacrylate, PCO-1 and PCO-2, by AIBN-initiated
conventional free radical polymerization using similar procedure. Figure 3.7 shows the 1H NMR
spectra of the two copolymers. The molar content of M16 monomer units in copolymer PCO-1
was determined to be 58% from 1H NMR spectroscopy analysis using the integrals of the peak
from 7.00 to 7.74 ppm (-CONH(CH3)2 of N-isopropylmethacrylamide monomer units) and the
peak from 4.45 – 4.72 (-COOCH2CH2 of M16 monomer units). Similarly, the molar content of
M16 monomer units in PCO-2 was found to be 56% from 1H NMR analysis. The [] values of
PCO-1 and PCO-2 in 2,2,2-trifluoroethanol at 25 C were 0.350 dL/g and 0.286 dL/g, respectively
(Figure 3.8). The cloud point of PCO-1 in water at a concentration of 1 wt% was 27 C, while
PCO-2 exhibited a cloud point of 30 C in water when the concentration was 1 wt%.
3.3.3. KHI Performance Testing of Zwitterionic Polymers
The slow constant cooling (SCC) method was employed to test the KHI performances of nine
zwitterionic polymers shown in Table 3.1. These tests were conducted in high-pressure rocker rig
RC5 (PSL Systemtechnik, Germany) using a synthetic natural gas (SNG) mixture, and the details
can be found in the literature.16,23 From the graphs of pressure-time and temperature-time acquired
from SCC tests, one can determine the gas hydrate onset temperature (To), at which the pressure
deviated from the decreasing line because some gas molecules form gas hydrates. The rapid
hydrate formation temperature (Ta) is the temperature at which the fastest decrease in the pressure
is observed. The fast drop of the pressure is caused by the rapid growth of gas hydrates involving
a large amount of gas. From the SCC tests, one obtains To and Ta values. At the same starting
temperature and pressure of the SCC tests, lower To and Ta values indicate better KHI
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Figure 3.7. 1H NMR spectra of PCO-1 and PCO-2 in D2O.
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Figure 3.8. Plots of lnrel versus polymer concentration for PCO-1 and PCO-2. The [] was 0.350
dL/g for PCO-1 and 0.286 dL/g for PCO-2.
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performances. Figure 3.9 shows the results for the seven zwitterionic homopolymers and two
copolymers obtained from SCC tests at a polymer concentration of 0.25 wt%. For comparison, DI
water (DIW) and poly(N-vinylcaprolactam) (PVCap) were also tested under the same conditions.
All of the zwitterionic polymers showed significant decreases in To and Ta compared with DIW,
and among all zwitterionic homopolymers, P16-3 performed slightly better than the commercially
used PVCap, demonstrating the potential of zwitterionic PSBMAs as KHIs. PCO-1 was the best
KHI among all of the polymers in this study. Interestingly, To and Ta decreased from P14 to P15
and P16, indicating that increasing hydrophobicity can improve the KHI performance. Note that
P17 with one N-methyl and N-n-heptyl substituent is insoluble in water20 and thus cannot be tested.
Another interesting finding is that P55, with two n-pentyl groups at the nitrogen atom, performed
essentially the same as P15 with one N-n-pentyl substituent, suggesting that the effects of two long
alkyls, however, are not additive. The longer N-n-alkyl side chain in the PSBMA give a better KHI
performance, likely because it exerts a nucleation inhibition effect on the formation of gas
hydrates. A longer linear alkyl means a larger hydrophobic effect, which competes more
effectively with gas molecules for hydration and consequently inhibits the formation of gas
hydrates.
3.4. Conclusions
A series of zwitterionic PSBMA homopolymers with N-n-alkyl substituents of 4-6 carbon
atoms and copolymers were synthesized by either RAFT polymerization or AIBN-initiated
conventional free radical polymerization for testing as KHIs.23 The polymers were thoroughly
characterized by 1H NMR spectroscopy, SEC, viscometry, and cloud point measurement. KHI
tests showed that the best homopolymer performer was P16-3, which performed slightly better
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Figure 3.9. To and Ta values obtained from slow constant cooling tests for KHI performance at a
polymer concentration of 0.25 wt%.
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than the commercially used PVCap. This is likely because of its water solubility and the large
hydrophobic effect associated with the N-n-hexyl substituent.
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me). The KHI tests were done by our collaborators at the University of Stavanger in Norway.
Zhang, Q.; Kelland, M. A.; Lewoczko, E. M.; Bohannon, C. A.; Zhao, B. Non-amide Based
Zwitterionic Poly(sulfobetaine methacrylate)s as Kinetic Hydrate Inhibitors. Chemical
Engineering Science 2021, 229, 116031. DOI: 10.1016/j.ces.2020.116031
(https://www.sciencedirect.com/science/article/pii/S0009250920305637)
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Chapter 4: Effects of Temperature on Chaotropic Anion-Induced Shape
Transitions of Star Molecular Bottlebrushes with Heterografted Poly(ethylene
oxide) and Poly(N,N-dialkylaminoethyl methacrylate) Side Chains in Acidic
Aqueous Solutions
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The work presented in this chapter has been submitted for publication. Ethan W. Kent synthesized
the azide-functionalized star backbone polymer. Michael T. Kelly obtained the AFM images of
SMB-22 in the presence of NaPF6. I synthesized and characterized the remainder of the polymers
and systems. Prof. Bin Zhao advised this work.

Abstract.
This Chapter presents a study of the effects of temperature on chaotropic anion (CA)-induced
star-globule shape transitions of two three-arm star bottlebrush polymers with heterografted
poly(ethylene oxide) (PEO) and either poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)
or poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA) (the brushes denoted as SMB-11 and
-22, respectively) in acidic water. The brush polymers were synthesized by grafting alkyne-endfunctionalized PEO and PDMAEMA or PDEAEMA onto an azide-bearing three-arm star
backbone polymer using the highly efficient copper(I)-catalyzed alkyne-azide cycloaddition
reaction. PEO side chains acted as a stabilizer for the brushes when the protonated tertiary aminecontaining polymer side chains became insoluble upon addition of chaotropic anions (CAs) in
acidic water. Six anions were studied for their effects on the conformations of SMB-11 and -22:
super chaotropic [Fe(CN)6]4- and [Fe(CN)6]3-, moderate chaotropic PF6- and ClO4-, weak
chaotropic I-, and, for comparison, kosmotropic anion SO42-. At 25 C, the addition of super and
moderate CAs induced shape changes of SMB-11 and -22 from a starlike to a collapsed yet stable
globular state in pH 4.50 acidic water, driven by the ion pairing of protonated tertiary amine groups
with chaotropic CAs and the chaotropic effect. The shape transitions occurred at much lower salt
concentrations, by at least one order in magnitude, for super CAs than moderate CAs. Upon heating
from (near) room temperature to 70 C, the super CA-collapsed SMB-11 and -22 brush molecules
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remained in the globular state, whereas the moderate CA-collapsed brushes underwent reversible
globule-to-star shape transitions. The transition temperature increased with increasing salt
concentration and was found to be higher for SMB-22 at the same salt concentration, presumably
caused by the chaotropic effect. In contrast, weak CA I- and kosmotropic anion SO42- had small
effects on the hydrodynamic sizes of SMB-11 and -22 at 25 C, and only small size variations
were observed upon heating to 70 C. AFM showed that SMB-11 in the presence of Na2SO4
remained in the star shape at both 20 and 70 C. The results described here may have potential
uses in the design of stimuli-responsive polymeric systems from molecular bottlebrushes for
encapsulation and release of substances.
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4.1. Introduction
Molecular bottlebrushes (MBBs), also called brush polymers or cylindrical brushes, are
composed of one or more types of relatively short polymeric side chains covalently grafted on a
backbone polymer with a sufficiently high grafting density.1-4 These architecturally complex
polymers have received tremendous interest in recent years owing to their unique structural
characteristics,1-6 intriguing behavior, and potential applications in a wide variety of areas
including drug delivery,7 aqueous lubrication,8 and fabrication of photonic crystals and supersoft
elastomers.6,9 The unique characteristics and behavior of MBBs, such as high density of functional
groups, large and tunable persistence length,2,3 lack of main chain entanglement,6 and unusual
crystal habit,10 originate mainly from the high grafting density of macromolecular side chains on
the backbone. At a sufficiently high aspect ratio, linear MBBs take on an extended wormlike
morphology in good solvents due to the excluded volume interactions,1-4 which can be easily
visualized by atomic force microscopy (AFM) and transmission electron microscopy. When the
environmental conditions change, MBBs can exhibit marked shape transitions,2,3 e.g., from
wormlike or starlike to globular.
Although the intriguing worm-globule shape transitions of MBBs have been shown at air-water
interfaces by lateral compression and on solid substrates by exposure to different solvent vapors,1113

stimuli-responsive shape-changing MBBs in solution are more relevant to potential applications

such as encapsulation and release of substances.3,14 These shape-changing brush polymers are
commonly synthesized with the use of stimuli-responsive polymers, which exhibit large and abrupt
conformational transitions, often accompanied with noticeable solubility changes in solvents, in
response to external stimuli, such as pH, temperature, and solvent variations, specific ions, and
light.14-27 Schmidt and coworkers synthesized the first thermoresponsive linear MBBs using a
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“grafting from” method via atom transfer radical polymerization (ATRP) to grow poly(Nisopropylacrylamide) (PNIPAm) side chains from a long macroinitiator with pendant ATRP
initiating moieties.14 The PNIPAM brush polymer was observed by AFM to exhibit a pronounced
worm-to-globule shape transition in water upon heating. However, above the lower critical
solution temperature (LCST), they found that the collapsed globular brushes were unstable and
underwent aggregation and precipitation in the solution. Matyjaszewski et al. synthesized loosely
grafted poly(acrylic acid) MBBs and found that the brushes spin cast on mica from aqueous
solutions of different pH values exhibited a gradual transition from a compact globular to a more
extended wormlike conformation upon increasing the pH from ~ 4 to ~ 9.18 Polyelectrolyte MBBs
have been shown to undergo conformational transitions in aqueous solutions in response to the
addition of a variety of species, including ionic surfactants, oppositely charged linear
polyelectrolytes, and multivalent ions.22-27 For example, Müller et al. reported that a cationic brush
polymer underwent worm-to-globule-worm shape transitions in dilute aqueous solutions with the
sequential addition of sodium dodecyl sulfate (SDS) and -cyclodextrin (-CD) due to the
complexation of the brushes with SDS and the formation of an inclusion complex between -CD
and SDS.23 However, even at a rather low concentration, the charged brushes precipitated out
immediately from the solution after the addition of SDS. In addition, interesting helical structures
of individual polyelectrolyte bottlebrushes were observed in highly dilute aqueous solutions by
Müller and Schmidt after the addition of multivalent ions and surfactants, respectively.25-27
In the above examples of stimuli-responsive shape-changing MBBs, the collapsed brushes are
unstable in the solutions, which have prevented their use in potential applications. To solve this
problem, our research group designed and synthesized shape-changing MBBs with bicomponent
side chains,28-33 either binary heterografted MBBs composed of two types of side chains or
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homografted bottlebrushes with diblock copolymer side chains. One of the side chain polymers in
heterografted brushes and the outer block in homografted MBBs serve as a stabilizer for the
collapsed MBBs when the other polymer in the side chains become insoluble in solution upon
application of external stimuli. By using two different stimuli-responsive polymers as side chains
in binary heterografted MBBs, two distinct collapsed yet stable globular states were attained from
the same brush polymers under different conditions.32 Very recently, our group reported chaotropic
anion (CA)-induced star-globule shape changes of three-arm star MBBs (SMBs) with
poly(ethylene oxide) (PEO) and either poly(2-(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) or poly(2-(N,N-diethylaminoethyl methacrylate) (PDEAEMA) as side chains in
acidic aqueous solutions at ambient conditions.33 CAs, such as ClO4- and SCN-, typically have a
large size and a relatively low charge density.34-38 These anions are water-structure breakers, that
is, they cause the water molecules surrounding them to be less hydrogen bonded and have a higher
entropy than water molecules in the bulk. CAs tend to form tight ion pairs with chaotropic cations
in water.36,37 They also display a high tendency to associate with hydrophobic surfaces and groups
in aqueous solution, which is termed chaotropic effect.37 Both chaotropic ion pairing and
chaotropic effect stem from the release of less hydrogen bonded water molecules from the
hydration shells of CAs into bulk water to form stronger water-water interactions. Thus, they are
mainly caused by an enthalpic effect, in contrast to the hydrophobic effect, which is an entropic
effect. It was found that the addition of super CAs (e.g., [Fe(CN)6]3- and S2O82-) and moderate CAs
such as ClO4- induced star-to-globule shape transitions of SMBs in acidic aqueous solutions, while
weak CAs such as Br- and Cl- only caused small decreases in hydrodynamic sizes of SMBs.33
Since chaotropic ion pairing and chaotropic effect are mainly an enthalpic effect, it is possible
to break apart the association by heating. Plamper et al. and Zhang et al. reported that adding small
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amounts of large multivalent anions such as [Co(CN)6]3-, [Fe(CN)6]4-, [Fe(CN)6]3-, and [Cr(CN)6]3into acidic or near-neutral aqueous solutions of PDMAEMA induced upper critical solution
temperature (UCST) behavior in the presence of 0.1 M NaCl.39,40 Using in situ ATR-FTIR
spectroscopy, Fleming et al. observed the wavenumber shifts of the CN stretching vibration band
of [Fe(CN)6]3- when paired with protonated PDMAEMA brushes grafted on silicon wafers and the
intensity changes upon heating,41 confirming the ion pairing mechanism for the UCST behavior.
Moreover, quaternized PDMAEMA polymers have been reported to exhibit UCST behavior in the
presence of specific ions, such as BF4- or bis(trifluoromethane)sulfonamide and CF3SO3-.42,43
On the basis of these reports, we hypothesized that heating might be able to unfold the CAcollapsed globular SMBs with tertiary amine-containing side chains in acidic aqueous solution to
an extended star shape. In the present work, we examined the effects of temperature on CAcollapsed SMB-11, with PEO and PDMAEMA side chains, and SMB-22, with PEO and
PDEAEMA side chains, in acidic water (Scheme 4.1). Both brush polymers were made by grafting
two alkyne-end-functionalized side chain polymers onto an azide-bearing three-arm star backbone
polymer using the highly efficient copper(I)-catalyzed alkyne-azide cycloaddition reaction.28-33,4448

Six anions were investigated for their effects on the conformations of SMB-11 and -22: super

chaotropic [Fe(CN)6]4- and [Fe(CN)6]3-, moderate chaotropic PF6- and ClO4-, weak chaotropic I-,
and kosmotropic anion SO42- for comparison.37 We found that while super CA-collapsed SMB-11
and -22 remained in the globule state upon heating to 70 C, moderate CA-collapsed bottlebrushes
underwent thermally-triggered globule-to-star shape changes. On the other hand, I- and SO42- had
little effects on the conformations of both brush polymers in the studied salt concentration range.
These findings enrich the field of stimuli-responsive shape-changing MBBs and may be used in
the design of smart polymers for potential applications such as triggered release of payloads.
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Scheme 4.1. Synthesis and Behavior of Three-Arm Star Molecular Bottlebrushes (SMBs)
Composed of Poly(ethylene oxide) (PEO) and Poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) (SMB-11) or Poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA) Side Chains
(SMB-22)
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4.2. Experimental Section
4.2.1. Materials
Copper(I) chloride (CuCl, 97%, Alfa-Aesar) was purified by stirring in glacial acetic acid
overnight, collected by vacuum filtration, rinsed sequentially with absolute ethanol and diethyl
ether, and dried under high vacuum. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA,
97%, Alfa-Aesar) was purified by vacuum distillation. 2-(N,N-Dimethylamino)ethyl methacrylate
(DMAEMA, 98.5%, TCI) and 2-(N,N-diethylamino)ethyl methacrylate (DEAEMA, 98.5%, TCI)
were purified by passing through a basic alumina column with a silica gel plug in the bottom to
remove the inhibitor prior to use. The azide-functionalized three-arm star backbone polymer with
a DP of 434 per arm (PHEMA-N3) was provided by Dr. Ethan W. Kent, and the detailed synthesis
can be found in the literature.32 The degree of azide functionalization was 88.3%, determined from
the 1H NMR spectroscopy analysis. SEC analysis using PSS GRAL columns with DMF containing
50 mM LiBr as the eluent showed that the Mn,SEC of PHEMA-N3 was 224.5 kDa and the dispersity
(Ð) was 1.16, with respect to polystyrene standards. Propargyl 2-bromoisobutyrate was
synthesized according to a procedure from the literature29 and the molecular structure was verified
by NMR spectroscopy analysis. Sodium ferrocyanide decahydrate (Na4[Fe(CN)6]•10H2O, 99%,
Acros Organics), potassium ferricyanide (K3[Fe(CN)6], 98%, Acros Organics), sodium
hexafluorophosphate (NaPF6, 98.5%, Acros Organics), sodium perchlorate (NaClO4, 98 %, Alfa
Aesar), sodium iodide (NaI, 99%, Alfa Aesar), and sodium sulfate (Na2SO4, 99%, Fisher
Scientific) were used as received. Aqueous solutions of each salt with various concentrations were
prepared by dissolving calculated amounts of the salt in Milli-Q and then filtered through 0.45 m
hydrophilic PTFE filters. Poly(ethylene glycol) methyl ether (5 kDa, Sigma-Aldrich), 4-pentynoic
acid (95%, Acros Organics), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride

165

(EDC, 98%, Acros Organics), and 4-(dimethylamino)pyridine (DMAP, 99%, TCI America) were
used as received. All other chemicals were purchased from either Sigma-Aldrich, Fisher Scientific,
TCI, Acros Organics, or Alfa-Aesar and used as received.
4.2.2. General Characterization
The molecular weights and dispersities of alkyne end-functionalized tertiary amine-containing
side chain polymers, PDMAEMA and PDEAEMA, were determined by size exclusion
chromatography (SEC) using a PL-GPC 50 Plus system, an integrated GPC/SEC system from
Polymer Laboratories, Inc. This SEC instrument was equipped with a differential refractive index
(RI) detector, one PSS GRAL guard column (10 micron particles, 50  8 mm, Polymer Standards
Service-USA, Inc.), and two PSS GRAL linear columns (10 micron particles, 300  8 mm,
molecular weight range of 500 to 1 000 000 g/mol, Polymer Standards Service-USA, Inc.). The
analysis was performed at 50 C using N,N-dimethylformamide (DMF) containing 50 mM LiBr
as the eluent at a flow rate of 1.0 mL/min. The system was calibrated with narrow dispersity linear
polystyrene standards (Scientific Polymer Products, Inc.). The molecular weight and dispersity of
the alkyne end-functionalized PEO was measured at room temperature using a PL-GPC 20
(Polymer Laboratories, Inc.) comprising a RI detector, one PLgel guard column (5 micron
particles, 50  7.5 mm, Agilent Technologies, Inc.) and two PLgel mixed-C columns (each 5
micron particles, 300  7.5 mm, linear range of molecular weights from 200 to 2 000 000 g/mol,
Agilent Technologies, Inc.). The eluent was tetrahydrofuran (THF) and the flow rate was 1.0
mL/min. This GPC system was also calibrated with narrow dispersity linear polystyrene standards
(Scientific Polymer Products, Inc.). The SEC data were processed using the Cirrus SEC software
(Polymer Laboratories, Inc.).
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The absolute weight-average molecular weights (Mw) of the purified star molecular
bottlebrushes, SMB-11 and SMB-22, were measured at 50 C by a GPC-MALS system, equipped
with one PSS GRAM guard column (10 micron particles, 8  50 mm, Polymer Standards ServiceUSA, Inc.), three PSS GRAM linear columns (10 micron particles, 8  300 mm; 100, 1000, and
3000 Å, Polymer Standards Service-USA, Inc.), an Agilent model 1260 Infinity pump, a Rheodyne
model 7725 manual injector with a 200 μL loop, and a Varian 390 LC detector system composed
of a RI detector and a two-angle light scattering detector (15 and 90). The mobile phase was
DMF with 0.10 M LiBr. 1H NMR spectra were obtained from either a Varian VNMRS 500 NMR
or a Varian VNMRS 600 NMR spectrometer.
4.2.3. Synthesis of Alkyne End-Functionalized Poly(ethylene oxide) (PEO)
Poly(ethylene glycol) methyl ether with a molecular weight of 5000 g/mol (CH3O-PEO-OH)
(5.007 g, 1.001  10-3 mol) was added to a two-necked round-bottom flask equipped with a
magnetic stir bar and dried at 75 C under high vacuum for 5 h. The PEO was then cooled to room
temperature and dissolved in methylene chloride (10 mL, dried by reflux over calcium hydride).
4-Pentynoic acid (0.119 g, 1.21  10-3 mol), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC, 0.219 g, 2.82  10-3 mol), and 4-(dimethylamino)pyridine (DMAP, 12.8 mg,
1.05  10-4 mol) were dissolved in methylene chloride (5 mL, dried by reflux over calcium hydride)
in a vial to form a homogeneous mixture, which was added dropwise to the PEO solution through
an addition funnel under nitrogen while stirring in an ice water bath. The reaction mixture was
warmed naturally to room temperature and stirred overnight. The mixture was then diluted with
methylene chloride (100 mL) and washed sequentially with 0.5 M HCl (20 mL  2), a mixture of
1 M NaOH and a saturated NaCl aqueous solution (50/50, v/v, 20 mL  2), and a saturated aqueous
NaCl solution (20 mL). The organic phase was then separated, dried over anhydrous sodium
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sulfate, and concentrated via rotary evaporation to about 10 mL. The polymer was further purified
by precipitation into diethyl ether (120 mL) three times. After drying in a vacuum oven overnight,
the polymer was collected as a white powder (3.399 g, 66.6 %). 1H NMR δ (ppm, CDCl3): 4.26 (t,
HC≡CCH2CH2COOCH2-, 2H), 3.84-3.43 (m, -OCH2CH2- of PEO repeat units), 3.38 (s, -OCH3 of
the methyl end group, 3H), 2.62-2.46 (m, HC≡CCH2CH2COOCH2-, 4H), 1.94 (s,
HC≡CCH2CH2COOCH2-, 1H). SEC analysis using the PL-GPC 20 system: Mn,SEC = 8.4 kDa and
Đ = 1.04.
4.2.4.

Synthesis

of

Alkyne

End-Functionalized

Poly(2-(N,N-dimethylamino)ethyl

methacrylate) (PDMAEMA) by Atom Transfer Radical Polymerization
Propargyl 2-bromoisobutyrate (48.8 mg, 2.38  10-4 mol), DMAEMA (3.016 g, 1.918  10-2
mol), HMTETA (65.1 mg, 2.83  10-4 mol), and anisole (5.233 g) were added to a 25 mL twonecked round-bottom flask equipped with a magnetic stir bar, a rubber septum, and a gas-flow
adapter. After the mixture was degassed by one round of freeze-pump-thaw, CuCl (23.8 mg, 2.40
 10-4 mol) was added under a slightly positive pressure of nitrogen. The flask was then sealed
with a rubber septum, and three more freeze-pump-thaw cycles were performed. The degassed
flask was placed in a preheated oil bath with a temperature of 50 °C under nitrogen gas, and the
mixture was stirred by a magnetic stirrer. After 3.5 h, the polymerization was stopped by quickly
cooling and exposing to air. An aliquot was taken for 1H NMR spectroscopy analysis for the
determination of the final monomer conversion, and the polymerization mixture was quickly
diluted with methylene chloride and passed through a basic alumina (top)/silica gel (bottom) plug
to remove the copper catalyst using methylene chloride as the eluent. The polymer solution was
concentrated using a rotary evaporator, followed by precipitation into cold hexanes (0 °C, cooled
in an ice/water bath) three times. The purified product was dried under high vacuum, yielding a
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white rubbery polymer (yield: 0.931 g, 30.9 %). The monomer conversion was determined to be
70.0% by comparing the integrals of the peaks at 4.30-4.13 ppm (-COOCH2- of the monomer and
at 4.13-4.01 ppm (-COOCH2 of the polymer) in the 1H NMR spectrum of the final polymerization
mixture. The DP of the polymer was calculated to be 56 using the monomer conversion and the
initial monomer-to-initiator ratio. SEC analysis using the DMF SEC system with GRAL columns
gave a Mn,SEC value of 8.6 kDa and a Đ of 1.25, relative to polystyrene standards.
4.2.5.

Synthesis

of

Alkyne

End-Functionalized

Poly(2-(N,N-diethylamino)ethyl

methacrylate) (PDEAEMA) by Atom Transfer Radical Polymerization
Propargyl 2-bromoisobutyrate (41.8 mg, 2.04  10-4 mol), DEAEMA (3.007 g, 1.623  10-2
mol), HMTETA (51.8 mg, 2.25  10-4 mol), CuCl (20.2 mg, 2.04  10-4 mol), and anisole (4.506
g) were added to a 25 mL round-bottom flask equipped with a stir bar, a rubber septum, and a gas
flow adapter. The polymerization mixture was degassed by three freeze-pump-thaw cycles, placed
in an oil bath with a preset temperature of 50 C under nitrogen, and stirred. After 4 h, the
polymerization was stopped by removing the flask from the oil bath, cooling it to room
temperature, and opening it to air. An aliquot was taken for 1H NMR spectroscopy analysis to
determine the monomer conversion, and the reaction mixture was quickly diluted with methylene
chloride and passed through a basic alumina (top)/silica gel (bottom) column to remove the copper
catalyst. The polymer was purified by precipitation of the concentrated polymer mixture into cold
hexanes (-78 C, cooled with an acetone/dry ice bath) five times. The purified polymer was dried
under high vacuum, yielding a white tacky polymer (1.828 g, 60.8 %). From the integrals of the
peaks at 4.29-4.15 ppm (-COOCH2- of the monomer and at 4.15-3.91 ppm (-COOCH2- of the
polymer) in the 1H NMR spectrum of the final reaction mixture, the monomer conversion was
found to be 66.0 %. The DP of the polymer was calculated to be 53 using this conversion and the
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initial monomer-to-initiator ratio. SEC analysis using the DMF SEC system with GRAL columns
showed that the Mn,SEC was 9.4 kDa and the Đ was 1.19, relative to polystyrene standards.
4.2.6. Synthesis of Star Molecular Bottlebrushes Composed of Heterografted PEO and
PDMAEMA Side Chains (SMB-11)
PHEMA-N3 (6.00 mg, 2.49  10-5 mol azide moieties assuming quantitative functionalization,
delivered through the addition of 0.853 g of a 7.03 mg/g stock solution in THF), alkyne endfunctionalized PEO (76.7 mg, 1.50  10-5 mol), alkyne end-functionalized PDMAEMA (109.0 mg,
1.21  10-5 mol), copper(I) chloride (2.5 mg, 2.5  10-5 mol), and dry THF (7 mL) were added to
a 20 mL scintillation vial equipped with a magnetic stir bar and sealed with a rubber septum and
needles for purging. After flushing the headspace with nitrogen gas, PMDETA (5.8 μL, 2.8  105

mol) was injected by microsyringe. The headspace was purged for an additional 15 min; the

needles were removed, and the reaction mixture was stirred at room temperature. After 6 h,
propargyl benzyl ether (10 μL) was injected by microsyringe to react with unreacted azide groups.
After 2 h, a second round of capping of unreacted azide groups with propargyl benzyl ether was
performed as follows. The reaction mixture was diluted with THF, passed through a basic alumina
(top)/silica gel (bottom) plug to remove the copper catalyst, and concentrated to about 7 mL.
Additional copper(I) chloride (3.0 mg, 3.0  10-5 mol) and PMDETA (6.0 μL, 2.9  10-5 mol) were
added. The headspace was purged with nitrogen gas for 5 min, and propargyl benzyl ether (10 μL)
was added and stirred overnight. The reaction mixture was passed through a basic alumina
(top)/silica gel (bottom) column to remove the copper catalyst using methylene chloride as the
eluent. The solution was slowly concentrated by rotary evaporation in a warm water bath (~ 35 °C)
to avoid the formation of de-solvated polymer on the wall of the flask. The concentrated polymer
solution was diluted with 200 proof ethanol (30 mL) and carefully concentrated again to ~ 8 mL.
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This process was repeated three times to remove as much THF and methylene chloride as possible.
The concentrated solution in ethanol was then diluted with an equal volume of Milli-Q water. The
obtained molecular bottlebrush polymer was purified by seven rounds of centrifugal filtration at
5000 rpm using a 50 kDa MWCO ultracentrifugal filter (MilliporeTM AmiconTM) to remove
unreacted side chains. The complete removal of the remaining side chain polymers was confirmed
by SEC analysis using a PL-GPC 50 Plus system comprising GRAL columns with DMF
containing 50 mM LiBr as the mobile phase. The polymer solution was slowly concentrated and
freeze dried (LABCONCO 76705 Series Freeze Dryer), which yielded SMB-11 as a white powder
(yield: 69.7 mg, 39.7 %). The absolute Mw from GPC-MALS analysis was 9.49  106 g/mol.
4.2.7. Synthesis of Star Molecular Bottlebrushes Composed of Heterografted PEO and
PDEAEMA Side Chains (SMB-22)
PHEMA-N3 (8.00 mg, 3.32  10-5 mol azide groups assuming 100% functionalization, added
by 1.146 g of a stock solution in THF with a concentration of 6.98 mg/g), alkyne endfunctionalized PEO (101.5 mg, 1.991  10-5 mol), alkyne end-functionalized PDEAEMA (199.4
mg, 1.990  10-5 mol), copper(I) chloride (3.4 mg, 3.4  10-5 mol), and THF (7 mL) were added
to a 2 dram scintillation vial equipped with a magnetic stir bar, a rubber septum, and needles for
purging. After the headspace of the vial was flushed with nitrogen for 10 min, PMDETA (7.8 μL)
was injected through the septum using a microsyringe under a positive pressure of nitrogen. The
headspace was flushed for an additional 10 min. The needles were removed, and the mixture was
stirred at room temperature for 16 h. Propargyl benzyl ether (15 μL) was then injected using a
microsyringe to cap unreacted azide groups. After 7 h, the reaction mixture was opened to air. To
determine the grafting density of the brushes by SEC, a sample was withdrawn, diluted with
methylene chloride, and passed through a basic alumina (top)/silica gel (bottom) plug to remove
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the copper catalyst using methylene chloride as the eluent. The brush polymer solution was then
concentrated by rotary evaporation using a warm water bath (~ 35 °C), while close attention was
paid to avoid the formation of any polymer dried on the wall. The concentrated polymer solution
was diluted with 200 proof ethanol (30 mL) and carefully concentrated again to ~ 5 mL. This
process was repeated 3 times to remove THF and methylene chloride. The ethanol solution of the
polymer was then diluted with an equal volume of Milli-Q water and transferred to a 50 kDa
MWCO ultracentrifugal filter unit (MilliporeSigma™ Amicon™). The unreacted side chain
polymers were removed by 8 rounds of centrifugal filtration at 5000 rpm, which was confirmed
by SEC analysis using the SEC with GRAL columns and DMF containing 50 mM LiBr as the
eluent. The polymer solution was slowly concentrated and freeze dried (LABCONCO 76705
Series Freeze Dryer), yielding a white powder (yield: 56.6 mg, 23.0 %). The absolute Mw from
GPC-MALS was 9.77  106 g/mol.
4.2.8. Dynamic Light Scattering (DLS) Study of SMB-11 and -22 in Acidic Aqueous Solutions
Dynamic light scattering (DLS) measurements of SMB-11 and -22 in acidic aqueous solutions
under various conditions were taken using a Malvern Zetasizer Nano ZS instrument with a He-Ne
644 nm laser and a temperature controller at a scattering angle of 173°. A stock solution of each
brush polymer in pH 4.50 water with a certain concentration (for SMB-11: 3.00 mg/g; for SMB22: 3.67 mg/g) was prepared first and then diluted to a concentration of 0.2 mg/g using a pH 4.50
aqueous solution for DLS experiments. The pH values of the acidic water and the brush polymer
solution were monitored by an Accumet AB-15 pH meter or a Denver Instrument UltraBasic pH
meter (calibrated using standard buffer solutions with pH 4.01, 7.00, and 10.01 at room
temperature) and were adjusted to 4.50, if needed, using 0.1 M HCl or 0.1 M NaOH aqueous
solution. The 0.2 mg/g solution of each brush polymer with a pH value of 4.50 was slowly filtered
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through a 0.45 μm hydrophilic PTFE filter. To investigate the effects of salts on the conformation
of SMB-11 and -22 in a pH 4.50 solution, aqueous stock solutions of six salts (Na4[Fe(CN)6],
K3[Fe(CN)6], NaPF6, NaClO4, NaI, and Na2SO4) with concentrations of 0.010, 0.10, and 1.0 M
were made using Milli-Q water, filtered through 0.45 m hydrophilic PTFE filters, and added in a
small aliquot each time (< 10 μL) into a 1.0 mL solution of 0.2 mg/g SMB-11 or SMB-22 to obtain
an appropriate salt concentration using a pipette (Gilson, Pipetman Classic P20). The DLS
measurements were performed at 25 C first to study the effects of salt concentration on the
hydrodynamic size of the brush polymer. The temperature effects of the salts were examined at
selected salt concentrations in a typical temperature range of 5 to 70 C. The DLS samples were
heated or cooled in the cell holder of the instrument, and at each selected temperature the samples
were equilibrated for 2 min before the measurements were taken. Each data point in the DLS size
plots is the average of three measurements and each measurement is the average of 10 runs. All
data points in the DLS plots are single size distributions without any large aggregates, unless
explicitly stated. Representative hydrodynamic size distributions are presented as examples.
4.2.9. Atomic Force Microscopy (AFM) Study of SMB-11 and -22 Under Various Conditions
AFM of SMB-11 and -22 was performed at ambient conditions using a Digital Instruments
Multimode IIIa scanning probe microscope in the tapping mode. The probes were reflective Alcoated Si probes (Budget Sensors or Ted Pella, Inc., resonant frequency: 300 kHz, force constant:
40 Nm-1). Glass disks (Ted Pella, Inc.) were used for the preparation of AFM samples. These
substrates were thoroughly cleaned with a “Piranha” solution (97.2% sulfuric acid/30% H2O2,
70/30, v/v), rinsed with Milli-Q water extensively, and stored in isopropanol (Honeywell, 99.9%,
HPLC grade). For AFM study, aqueous solutions of SMB-11 and -22 with a concentration of 0.050
mg/g and a pH of 4.50 in the absence or presence of a salt were prepared from the 0.2 mg/g DLS
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samples by diluting with a pH 4.50 aqueous solution. To prepare AFM samples at room
temperature (~ 20 C), two drops of a brush solution were added onto a glass disk under ambient
conditions. After 2 s, the solution was removed from the glass substrate using a glass pipet and
any residual solution was wicked away using a Kimwipe tissue (for solutions with a salt) or blown
away from the glass disk with a gentle stream of a filtered nitrogen gas (for solutions without any
salt). To prepare AFM samples at 70 C from pH 4.50 aqueous solutions of brush polymers with
a polymer concentration of 0.050 mg/g in the presence of a salt (diluted from the 0.20 mg/g DLS
samples using pH 4.50 water), the polymer solutions, glass disks, and glass pipets were placed in
a 70 C oven and equilibrated for 15 min. The drop casting was performed inside the oven to
maintain the temperature. For the preparation of AFM samples at 0 C, the brush polymer solutions
were equilibrated in an ice/water bath, while glass disks and pipets were placed in a fridge with a
temperature of ~ 4 C. After 30 min, the glass disks and pipets were removed from the fridge, and
the AFM samples were prepared quickly under the ambient conditions.

4.3. Results and Discussion
4.3.1. Synthesis and Characterization of SMBs with Heterografted PEO and Poly(2-(N,Ndialkylamino)ethyl methacrylate) Side Chains: SMB-11 and SMB-22
Three-arm star-shaped SMB-11, composed of PEO and PDMAEMA side chains, and SMB22, comprising PEO and PDEAEMA side chains, were prepared using a method that our group
reported in previous publications.28-33,48 Briefly, two alkyne-end-functionalized polymers, PEO
with a molecular weight of 5 kDa and either PDMAEMA with a degree of polymerization (DP) of
56 (for SMB-11), or PDEAEMA with a DP of 53 (for SMB-22), were grafted concurrently onto
an azide-bearing three-arm star backbone polymer, PHEMA-N3, using the highly efficient CuAAC
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click reaction (Scheme 4.1). The star backbone PHEMA-N3, with a DP of 434 per arm, was
synthesized by Dr. Ethan W. Kent through a multi-step process that started from ATRP from a
trifunctional initiator (Scheme 1.6) followed by a series of post-polymerization reactions to install
azide functional groups as described before.32 Alkyne-end-functionalized PEO was prepared by
an esterification reaction between the hydroxyl chain end of poly(ethylene oxide) monomethyl
ether with a molecular weight of 5000 Da and 4-pentynoic acid using N-(3-dimethylaminopropyl)N-ethylcarbodiimide hydrochloride and 4-(dimethylamino)pyridine as the catalysts. Alkyne endfunctionalized PDMAEMA and PDEAEMA were made by ATRP of corresponding tertiary amine
methacrylate monomers in anisole at 50 °C using propargyl 2-bromoisobutyrate as the initiator.
From size exclusion chromatography (SEC) analysis, the dispersities of both alkyne-endfunctionalized polymethacrylates were  1.25 (Figures B1A and B2A), indicating that the
polymerizations were controlled. The DPs of PDMAEMA and PDEAEMA, 56 and 53,
respectively, were calculated from the monomer conversions, determined by

1

H NMR

spectroscopy, and the monomer-to-initiator feed ratios. The 1H NMR spectra of PDMAEMA and
PDEAEMA are shown in Appendix B (Figures B1B and B2B).
The click reactions for the preparation of SMB-11 and SMB-22 were performed in THF in 20
mL scintillation vials at ambient temperature under a nitrogen atmosphere. For both brush
polymers, slightly excess side chain polymers were used with respect to the azide functional groups
on star backbone polymer PHEMA-N3 in order to achieve a high grafted density. Propargyl benzyl
ether was added into the mixtures in the later stage of the click reactions to cap possible remaining
unreacted azide moieties on the backbone. To purify the bottlebrush polymers, the copper catalyst
was first removed from the reaction mixtures by passing through a basic alumina/silica gel column.
The unreacted side chain polymers were removed by 7 – 8 rounds of centrifugal filtration of the
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reaction mixtures at 5000 rpm using 50 kDa MWCO centrifugal filters with a mixture of water
and ethanol (50/50, v/v) as the solvent. SEC analysis confirmed that the remaining unreacted side
chain polymers in the final reaction mixtures were completely separated (Figures B3 and B4). 1H
NMR spectroscopy analysis of the purified brush polymers showed that SMB-11 was composed
of 43.7% PDMAEMA and 56.3% PEO side chains and SMB-22 contained 41.8% PDEAEMA and
58.2% PEO side chains (Figure B5A and B6A). The calculated grafting densities of SMB-11 and
-22 were 86.7% and 83.9%, obtained by using the SEC peak area fractions of the molecular
bottlebrushes and the remaining side chain polymers in the SEC traces of the final reaction
mixtures, the feed ratios, as well as the side chain composition of the purified bottlebrushes
(Appendix B1). Using a SEC-MALS system equipped with a RI detector and a two-angle light
scattering detector, the experimental absolute molecular weights of SMB-11 and -22 were
measured to be 9.49 × 106 Da and 9.77 × 106 Da, respectively (Figures B5B and B6B). These
values were close to the calculated weight-average molecular weights, 9.31  106 Da for SMB-11
and 9.17  106 Da for SMB-22, which were obtained by using the actual weight average molecular
weights (Mn × Đ) of the backbone and the two side chain polymers, the grafting densities, and the
side chain compositions from 1H NMR spectroscopy analysis (Appendix B2).
The characterization data for azide-functionalized star backbone polymer PHEMA-N3, alkyneend-functionalized PEO, PDMAEMA, and PDEAEMA, and two purified bottlebrush polymers
(SMB-11 and SMB-22) are summarized in Table 4.1. The calculated weight-average molecular
weights and calculated grafting densities of SMB-11 and SMB-22 are also included in Table 4.1,
as well as the side chain compositions of the two brush polymers determined from 1H NMR
spectroscopy analysis.
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Table 4.1. Characterization Data for Azide-Functionalized Star Backbone Polymer PHEMA-N3,
Alkyne End-Functionalized PEO, PDMAEMA and PDEAEMA, and Three-Arm Star-Shaped
Bottlebrush Polymers (SMB-11 and -22).
Polymer Sample
Molecular Weight and Đ
DP or Grafting Density ()
PHEMA-N3

DP = 434 per arm a

Mn,SEC = 2.25  105 Da, Đ = 1.16 e

PEO

DP = 114 b

Mn,SEC = 8.4  103 Da, Đ = 1.04 f

PDMAEMA

DP = 56 a

Mn,SEC = 8.6  103 Da, Đ = 1.25 e

PDEAEMA

DP = 53 a

Mn,SEC = 9.4  103 Da, Đ = 1.19 e

SMB-11

 = 86.7% c

Mw,exp = 9.49  106 Da g

(PEO/PDMAEMA)

(molar ratio: 56.3% (PEO): 43.7%)d Mw,cal = 9.31  106 Da h

SMB-2

 = 83.9% c

(PEO/PDEAEMA)

(molar ratio: 58.2% (PEO): 41.8%)d Mw,cal = 9.17  106 Da h

Mw,exp = 9.77  106 Da g

a

Degree of polymerization (DP) was calculated from the monomer-to-initiator molar ratio and the
monomer conversion (obtained from 1H NMR analysis). b The DP of PEO was calculated from the
molecular weight of 5000 g/mol provided by the vendor. c The value of grafting density () was
calculated using the ratio of SEC peak areas of the bottlebrush polymer and the unreacted side
chain polymers remaining in the final reaction mixture, the feed ratios of the star backbone polymer
to the side chain polymers, and the side chain composition of the purified bottlebrush polymer
determined by 1H NMR analysis. d The molar ratio of PEO to the tertiary amine-containing
polymethacrylate was determined from the 1H NMR spectrum of the brush polymer. e Mn,SEC and
Đ were determined by SEC relative to polystyrene standards using a SEC system with GRAL
columns and DMF containing 50 mM LiBr as solvent. f Mn,SEC and Đ were determined by SEC
relative to polystyrene standards using a SEC system with Mixed C columns and THF as solvent.
g
The experimental absolute molecular weight (Mw,exp) was measured using a SEC-MALS system
consisting of a RI detector and a two-angle light scattering detector. h The calculated absolute
molecular weight (Mw,cal) was obtained using the weight-average molecular weight of PHEMAN3 and the side chain polymers calculated from the DP and the dispersity (Mn × Đ) and the grafting
density.
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The pKa values of both PDMAEMA and PDEAEMA in water are around 7.4,49,50 and thus both
polymers are protonated in acidic water. The apparent hydrodynamic sizes (Dh) of 0.2 mg/g SMB11 and -22 in acidic water with a pH of 4.50 at 25 C were found to be very similar to each other,
100.5 and 100.8 nm, respectively (Figures B7 and B8). The star shape of the brush polymers can
be seen from the AFM height images of bottlebrush molecules drop cast on bare mica or “Piranha”
solution-cleaned glass disks from a 0.050 mg/g solution of SMB-11 in THF and acidic aqueous
solutions of SMB-11 and -22 with a polymer concentration of 0.050 mg/g and a pH value of 4.50
at room temperature (Figures 4.1 and B9-B12). For both SMB-11 and -22, most of the brush
molecules shown in the images were three-arm stars, although some molecules appeared to miss
one arm, which could be due to the defects in the synthesis of the azide-functionalized star
backbone or the mechanical shearing forces during the purification of the brush polymers and the
preparation of AFM samples. The average arm length and height of SMB-11 from THF were 88.1
 26.7 nm (from measurements of 288 arms of three-arm brushes) and 1.5  0.3 nm (from 200
arms). In the pH 4.50 aqueous solution, the PDMAEMA side chains were protonated; image
analysis showed that the average arm length of SMB-11 on glass disks from 207 arms was slightly
larger, 98.1  28.2 nm, which could be attributed to the electrostatic repulsive forces between the
protonated PDMAEMA side chains, and the average height from the measurements of 200 arms
was similar, 1.3  0.3 nm. For SMB-22 from acidic water, the average arm length and height were
95.0  29.0 nm (from 120 arms of three-arm star brushes) and 1.7  0.4 nm (from 200 arms). The
maximum length of an arm with a DP of 434 is 110.2 nm, which means that the brushes were
highly stretched on the substrates, with degrees of stretching of 89.0% and 86.2% for SMB-11 and
-22 on glass disks from pH 4.50 aqueous solutions and 80.0%for SMB-11 from THF. The high
stretching could be partially caused by the strong electrostatic interactions with the substrates.
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Figure 4.1. AFM height images (1  1 m) of SMB-11 (A) and SMB-22 (B) drop cast on glass
disks from 0.050 mg/g brush polymer solutions in pH 4.50 acidic water at room temperature, with
a cross-sectional profile along the dashed line in each image.
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4.3.2. Dynamic Light Scattering Study of the Effects of Various Salts on Conformations of
SMB-11 and -22 in pH 4.50 Acidic Water at 25 C
Chaotropic ion pairing and chaotropic effect, which have recently emerged as a generic driving
force for supramolecular assmbly,37,51,52 provide new opportunities to control conformations and
trigger shape transitions of polyelectrolyte MBBs in aqueous solutions. Our reseach group
previously investigated the effects of six CAs (Cl-, Br-, SCN-, ClO4-, Fe(CN)63-, and S2O82-) on the
conformations of similar PEO/PDMAEMA and PEO/PDEAEMA star MBBs in acidic aqueous
solutions at 25 °C with increasing anion concentration.33 Among the six anions, Cl- and Br- are
weak CAs, exerting negligible effects on the brush conformation in pH 4.00 acidic water, while
Fe(CN)63- and S2O82- are super CAs,37 which collapsed protonated star brushes at concentrations
less than 1 mM for 0.1 mg/g SMBs. On the other hand, SCN- and ClO4- are moderate CAs, which
showed an ability to collapse PEO/PDEAEMA star brushes into globules at concentrations of tens
to hundreds mM. These observations are consistent with the chaotropicity scale proposed by
Marcus based on the ion hydration parameters: Cl- < Br- < SCN- < ClO4- << S2O82- ~ [Fe(CN)6]3,33,37 where Cl-, Br-, SCN-, and ClO4- CAs caused an effective loss of 1.01 – 1.27 hydrogen bonds
in the solvation shell around the ion, and S2O82- and Fe(CN)63- brought about a loss of ~ 2 hydrogen
bonds in the surrounding hydration layer.37
In the present work, we first studied the effects of five CAs from the following salts,
Na4[Fe(CN)6], K3[Fe(CN)6], NaPF6, NaClO4, and NaI, on the conformations of SMB-11 and -22
at 25 C and then examined the effects of temperature. Aqueous solutions of 0.2 mg/g SMB-11
and -22 in pH 4.50 acidic water were prepared, and for each CA, the salt concentration was
gradually increased. [Fe(CN)6]3- is known to be a super CA with an effective loss of 2.01 hydrogen
bonds in the solvation shell around the anion in water.37 From the literature, [Fe(CN)6]4- appears
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to be a super CA with a water structure breaking ability similar to [Fe(CN)6]3-.39,40 S2O82- was not
selected here because K2S2O8 is a redox radical initiator.53 PF6- and ClO4- are moderate CAs,
causing a loss of 1.43 and 1.27 hydrogen bonds in the solvation shell of the anion, respectively. 37
According to Assaf and Nau, there is a loss of 1.37 hydrogen bonds in the hydration layer around
I-,37 which places I- in between ClO4- and PF6- in the water-structure breaking ability. However,
the experimental results from Gao et al. in the study of CA-induced micellization of PEO-bPDEAEMA in acidic aqueous solutions showed that I- was actually a weaker CA than ClO4-.51 On
the other hand, SO42- is a kosmotropic anion, which increases water structuring in the solvation
shell with a gain of 0.78 hydrogen bonds,37 and is used here for comparison with various CAs. K+
is a weakly structure-breaking cation, while Na+ is a borderline ion;35 these two cations are often
listed side by side in the Hoffmeister series, and thus we believe that their effects on the
conformation of SMBs should be very similar to each other and the effects observed here should
be mainly from the anions of the salts. According to Marcus, NH4+, CH3NH3+, and N+(CH3)4 are
chaotropic cations, while N+(CH2CH3)4 is a borderline ion between water-structure making and
breaking.35 Thus, on the basis of this trend, we believe that it is very likely that the protonated
monomer units of PDMAEMA and PDEAEMA in acidic water are chaotropic cations.
Figure 4.2A and B shows the plots of the hydrodynamic diameter (Dh) of 0.2 mg/g SMB-11
and -22 in pH 4.50 acidic water at 25 C as a function of increasing salt concentration for the six
salts, respectively, from dynamic light scattering (DLS) measurements. Note that as mentioned
earlier PDMAEMA and PDEAEMA exhibit similar pKa values of ~ 7.4 in water,49 although the
lengths of two alkyl substituents at the nitrogen atom are different. Thus, at pH = 4.50, the tertiary
amine groups in both brush polymers were fully protonated. The Dh values of SMB-11 and -22 in
the presence of a salt with a concentration of 0.01 mM were very similar, ~ 97 nm, regardless of
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Figure 4.2. Apparent hydrodynamic diameter (Dh) at 25 °C of 0.2 mg/g SMB-11 (A) and SMB22 (B) in pH 4.50 water as a function of increasing concentration of a salt from dynamic light
scattering (DLS) measurements for Na4[Fe(CN)6] (black square), K3[Fe(CN)6] (red circle), NaPF6
(navy up-pointing triangle), NaClO4 (blue down-pointing triangle), NaI (magenta rhombus), and
Na2SO4 (dark cyan left-pointing triangle). (C) and (D) Hydrodynamic size distributions of SMB11 in the presence of 0.01 and 6.5 mM PF6- and SMB-22 in the presence of 0.01 and 50 mM ClO4-.
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the types of the salts. Upon increasing the concentrations of the salts, the two brush polymers
behaved similarly to each other in response to the same salt (i.e., the same anion). For [Fe(CN)6]4and [Fe(CN)6]3-, the hydrodynamic sizes of both SMB-11 and -22 decreased sharply to ~ 67 nm in
the salt concentration range of 0.10 – 0.30 mM, while single, narrow hydrodynamic size
distributions were maintained (Figures B13 and B14). Although [Fe(CN)6]4- appeared to be more
efficient in collapsing SMB-11 than [Fe(CN)6]3-, both anions performed very similarly in inducing
the size changes of SMB-22. These observations indicated that [Fe(CN)6]4- is a super CA as
expected, with a similar water-structure breaking ability to [Fe(CN)6]3-. Although there appears to
be no difference in the salt concentration for the collapse of both brush polymers by [Fe(CN)6]4-,
the full collapse for SMB-22 by [Fe(CN)6]3- occurred at a slightly lower concentration (0.12 mM
for SMB-22 versus 0.25 mM for SMB-11). Interestingly, the Dh of SMB-11 exhibited a slight
increase with the increase of the concentration of [Fe(CN)6]3-, from 66.2 nm at 0.25 mM to 72.6
nm at 0.80 mM, for which the reason is unclear at this point.
For PF6-, the sharp size reduction transitions of both brush polymers occurred in the
concentration range of 1 – 3 mM, which was about one order in magnitude higher than those for
the two super CAs. For ClO4-, the size transition was somewhat broader and occurred at even
higher concentrations than PF6-; the full collapse was observed at 125 mM with a Dh of 66.3 nm
for SMB-11 and at 50 mM with a Dh of 69.9 nm for SMB-22. Both PF6- and ClO4- appeared to be
more efficient in collapsing SMB-22 than SMB-11 as evidenced by the lower concentrations for
the full collapse of SMB-22. Note that all the data points in Figure 4.2A and B correspond to single
size distributions with representative examples shown in Figure 4.2C and D (as well as Figures
B13 and B14). In contrast, the addition of I- and SO42- did not produce sharp size decreases but
small variations for both brush polymers, suggesting no significant conformation changes in the
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studied concentration range. Our observations for the effects of ClO4- and I- on the hydrodynamic
diameters of SMB-11 and -22 were in line with their abilities in inducing the micellization of PEOb-PDMAEMA and PEO-b-PDEAEMA reported by Gao et al.51 Clearly, super CAs caused larger
and more abrupt decreases in the Dh values of SMB-11 and -22 at lower concentrations, while
moderate CAs collapsed the brushes at higher concentrations and weak CA I- and kosmotropic
anion SO42- produced small variations of the Dh for both brush polymers.
4.3.3. Effects of Temperature on Super Chaotropic Anion-Induced Collapse of Star Brushes
SMB-11 and -22
The effects of temperature on [Fe(CN)6]4-- and [Fe(CN)6]3--collapsed SMB-11 and -22 were
investigated by DLS and AFM first. Figure 4.3A and B shows the plots of Dh of 0.2 mg/g SMB11 in pH 4.50 acidic water in the presence of 0.25, 0.50, and 0.80 mM [Fe(CN)6]3- and 0.20 mg/g
SMB-22 in the presence of 0.12 mM [Fe(CN)6]3- as a function of temperature in the typical
temperature range of 20 to 70 C. The plot of the Dh of 0.20 mg/g SMB-22 in pH 4.50 water with
the addition of 0.20 mM [Fe(CN)6]4- versus temperature in the same temperature range is included
in Appendix B (Figure B15). For all the five solutions, temperature had little effect on the
hydrodynamic sizes of the brush polymers in the temperature range of 20 to 70 C and no large
and sharp size changes were observed while maintaining a single size distribution (Figures B16
and B17), suggesting that the bottlebrush molecules remained in the collapsed globular state even
at 70 C. Note that Plamper et al. reported a UCST of ~ 24 C for 0.1 mg/mL PDMAEMA with a
DP of 100 at pH = 5.0 in the presence of 1.2 mM [Co(CN)6]3- and 0.1 N NaCl and stated that
[Fe(CN)6]4- showed a similar effect.39 In contrast, Zhang et al. reported a UCST of ~ 60 C for 0.5
mg/mL PDMAEMA with a DP of 64 at pH = 5.0 in the presence of 8 mM [Fe(CN)6]3- and 0.1 M
NaCl.40 Although we cannot compare the molecular brushes directly with the linear PDMAEMA
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EL-IV-78-SMB-11 at three different ferricyanide concentrations in 0.2 mg/g MilliQ water at a pH of 4.5.
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Figure 4.3. (A) Apparent hydrodynamic size (Dh) of 0.2 mg/g SMB-11 in pH 4.50 acidic water in
the presence of 0.25 mM (black square), 0.50 mM (red circle), and 0.80 mM (blue triangle)
K3[Fe(CN)6] as a function of temperature. (B) Dh of 0.2 mg/g SMB-22 in pH 4.50 acidic water in
the presence of 0.12 mM K3[Fe(CN)6] as a function of temperature.
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polymer and it is possible that the UCST transition temperature for our systems could be higher
than 70 C, we note here that in those two reports 0.1 M NaCl was added to moderate the
electrostatic interaction between the protonated tertiary amine groups and complex metal anions.
Plamper et al. emphasized in their publication that the effects were only observed in buffers
containing a considerable amount of NaCl (~ 0.1 M NaCl) and no UCST was found in the absence
of a buffer.39 Presumably, the chaotropic ion pairing of protonated PDMAEMA and PDEAEMA
with super CAs was so strong that heating could not break apart the ion pairs. Adding a large
amount of NaCl could modulate the electrostatic interactions and make the UCST transition appear
in a convenient temperature range. Thus, it is not surprising that no shape transitions were observed
for collapsed globular brushes upon heating under our experimental conditions, presumably
because the interactions between protonated tertiary amine groups and super CAs were very
strong.
AFM was then used to visualize the brush molecules at different temperatures. A portion of
the DLS sample with 0.20 mg/g SMB-11 in the presence of 0.3 mM K3[Fe(CN)6] shown in Figure
4.2A was diluted with pH 4.50 acidic water at ambient conditions to 0.050 mg/g SMB-11 with
0.075 mM K3[Fe(CN)6] for the preparation of AFM samples. The diluted solution was drop cast
on “Piranha”-treated glass disks at room temperature (20 C) and in a 70 C oven, which were
imaged by AFM at ambient conditions. Figure 4.4A and B shows the AFM height images at 20
and 70 C, respectively, and more images can be found in Appendix B (Figures B18-B20).
Evidently, SMB-11 brush molecules were collapsed and overall globular at both 20 and 70 C,
unlike the star-shaped molecules shown in Figure 4.1A. In Figure 4.4A, one brush molecule with
three tightly associated lobes from collapsed arms, as indicated by three arrows, can be clearly
seen. Despite the observation of the collapsed globular state for SMB-11 in the presence of super
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Figure 4.4. Atomic force microscopy height images (1  1 m) of SMB-11 drop cast on glass
disks at 20 C (A) and 70 C (B) from a 0.050 mg/g SMB-11 solution in pH 4.50 acidic water in
the presence of 0.075 mM K3[Fe(CN)6], with a cross-sectional profile along the dashed line in
each image. The solution used to prepare AFM samples was diluted from a 0.2 mg/g solution of
SMB-11 in pH 4.50 water with 0.30 mM K3[Fe(CN)6] using pH 4.50 acidic water.
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CA [Fe(CN)6]3- at both 20 and 70 C, there are still some noticeable differences. From the crosssectional profiles, the brush molecules in Figure 4.4A are generally taller than those in Figure
4.4B. Image analysis using Image J shows that the average height was 10.6  2.4 nm (from
measurements of 100 brushes) at 20 C and 7.0  1.9 nm at 70 C (from 200 globules). In addition,
the brush molecules in Figure 4.4B appear to be flattened to some degree, likely caused by the
high temperature that might soften the collapsed globular brushes. The average size of the brushes
was 46.3  9.0 nm at 20 C (from measurements of 109 globules) and 49.4  9.2 nm at 70 C (from
measurements of 200 globular nanoobjects).
4.3.4. Effects of Temperature on Moderate Chaotropic Anion-Induced Collapse of Star
Brushes SMB-11 and -22
This section focuses on moderate CAs, PF6- and ClO4-. Figure 4.5 shows the DLS data for
SMB-11 and -22 in pH 4.50 acidic water with the addition of NaPF6 at various temperatures. For
SMB-11 in the presence of 4.0 mM NaPF6, the Dh was ~ 65 nm in the temperature range of 5 – 30
C (Figure 4.5A). Upon further heating from 30 to 40 C, the hydrodynamic diameter increased
sharply from 67.2 nm to 93.6 nm, respectively, with a transition middle point at 35 C. Above 40
C, the Dh showed only small changes; at 70 C the apparent size was 97.3 nm, which is almost
the same as that observed at 0.01 mM NaPF6 at 25 C (96.2 nm), suggesting that the brushes
underwent a thermally-induced globule-to-star transition. Note that throughout the heating process
during the DLS measurements, a single size distribution was maintained; the distributions for 5
and 70 C are shown in Figure 4.5B as examples.
Similar size transitions were observed for SMB-22 in pH 4.50 water in the presence of 2.5,
3.0, 3.5, and 4.0 mM NaPF6, with the Dh increasing from ~ 65 nm at 20 C to ~ 95 nm at 70 C
(Figure 4.5C). There appears to be a general trend that the transition temperature increases with
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Figure 4.5. Dynamic light scattering studies of SMB-11 and SMB-22 in pH 4.50 acidic water in
the presence of NaPF6. (A) Apparent hydrodynamic size (Dh) of 0.2 mg/g SMB-11 in pH 4.50
water with 4.0 mM NaPF6 as a function of temperature. (B) Hydrodynamic size distributions of
0.2 mg/g SMB-11 in pH 4.50 water with 4.0 mM NaPF6 at 5 and 70 C. (C) Plots of Dh of 0.2
mg/g SMB-22 in pH 4.50 water in the presence of 2.5, 3.0, 3.5, and 4.0 mM NaPF6 versus
temperature upon heating. (D) Plot of Dh of 0.2 mg/g SMB-22 in pH 4.50 water in the presence of
3.0 mM NaPF6 versus temperature from heating and cooling processes. All data points correspond
to a single-size distribution (Figure B21).
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increasing the concentration of NaPF6 from 2.5 to 4.0 mM. This is reasonable, considering that the
ion pairing is a dynamic equilibrium between paired ions and free ions. A larger concentration of
PF6- would suppress the dissociation and thus a higher temperature is needed to unfold the brushes
to the starlike state. The size transition was reversible, as shown in Figure 4.5D by the plots of Dh
of SMB-22 in the presence of 3.0 mM NaPF6 versus temperature from a heating and cooling cycle.
Similar to the brushes collapsed by PF6-, both ClO4--collapsed brush polymers in acidic water
exhibited thermally-induced size transitions (Figure 4.6). Upon heating from 20 to 70 C, the Dh
of SMB-11 in the presence of 125, 150, and 200 mM NaClO4 increased substantially, from ~ 65
nm at 20 C to ~ 85 nm at 70 C, with the transitions occurring in the temperature range of 30 to
45 C (Figure 4.6A), and the size transitions were reversible as shown in Figure 4.6B for the
brushes with 125 mM NaClO4. Similar to the observation for the transitions of SMB-22 in the
presence of different concentrations of NaPF6, the transition temperature is higher for a higher
NaClO4 concentration. However, the apparent hydrodynamic sizes at 70 C (~ 85 nm) were
noticeably smaller than that of SMB-11 in the presence of 0.01 mM ClO4- at 25 C (~ 97 nm in
Figure 4.2A) and the Dh in the presence of 4.0 mM NaPF6 at 70 C (95.6 nm in Figure 4.5A),
which could be caused by the higher NaClO4 salt concentration that screened the electrostatic
repulsive interactions at higher temperatures. SMB-22 in the presence of 50 mM NaClO4 also
underwent a size transition upon heating from ~ 70 nm in the range of 10 – 25 C to 96 nm at 70
C (Figure 4.6C). These observations indicate that the two brush polymers collapsed by moderate
CAs can undergo temperature-induced reversible globule-to-star shape transitions.
Comparing the thermal behavior of SMB-11 and -22 at the same concentration of PF6- in Figure
4.5A and C (4.0 mM), the transition temperature for SMB-22 (~ 55 C in Figure 4.5C) is
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Figure 4.6. (A) Plots of apparent hydrodynamic size (Dh) of 0.2 mg/g SMB-11 in pH 4.50 water
in the presence of 125 mM (black square), 150 mM (red circle), and 200 mM (blue triangle)
NaClO4 versus temperature. (B) Plot of Dh of 0.2 mg/g SMB-11 in pH 4.50 water with 125 mM
NaClO4 versus from a heating and cooling cycle. (C) Plot of Dh of 0.2 mg/g SMB-22 in pH 4.50
water with 50 mM NaClO4 versus temperature. All data points correspond to a single-size
distribution (Figures B22 and B23).
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substantially higher than that for SMB-11 (35 C in Figure 4.5A). Similarly, even the NaClO4
concentration was only 50 mM for SMB-22 in Figure 4.6C, the transition temperature was higher
than those of SMB-11 at higher salt concentrations (125 -200 mM in Figure 4.6A). These data
indicate that the interactions of PF6- and ClO4- with protonated PDEAEMA are stronger than
protonated PDMAEMA, consistent with the observation in Figure 4.2A that a full collapse of
SMB-22 requires lower concentrations of PF6- and ClO4- than SMB-11. As discussed earlier,
according to Marcus, (CH3)4N+ is chaotropic and (C2H5)4N+ is on the borderline between
chaotropic and kosmotropic cations. On the basis of this, we reasoned that under the same
conditions the protonated tertiary amine groups of PDMAEMA, -CH2CH2N+H(CH3)2, should be
stronger in terms of chaotropicity than those of PDEAEMA, -CH2CH2N+H(C2H5)2, which means
that the ion pair of -CH2CH2N+H(CH3)2 with a moderate CA (either PF6- or ClO4- in our case)
should be stronger than that between -CH2CH2N+H(C2H5)2 and the same moderate CA. However,
this cannot explain what we observed here. The stronger effect of the same moderate CA for SMB22 than SMB-1, as indicated by the full collapse of the brushes at lower concentrations and the
higher transition temperature upon heating at the same or lower salt concentration, very likely
comes from the chaotropic effect that chaotropic anions have a high tendency to be associated with
the more hydrophobic ethyl groups in the tertiary amine pendant groups of PDEAEMA.
AFM was used to visualize the SMB-11 drop cast on glass disks from a solution of 0.050 mg/g
SMB-11 in pH 4.50 water with 1.5 mM NaPF6 at 20 C and 70 C (Figures 4.7 and B24-B26),
which was diluted from a 0.2 mg/g solution of the brush polymer in the presence of 6.0 mM NaPF6.
At 20 C, the brush molecules are round in shape on the substrate, but the collapsed arms were not
as tight as the globular brushes in Figure 4.4A. The three-arm star-shaped backbone can be seen
for most of the molecules. The average size from the measurements of 121 molecules was 63.8 
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Figure 4.7. AFM height images (1  1 m) of SMB-11 drop cast on glass disks from a solution of
0.050 mg/g SMB-11 in pH 4.50 water with 1.5 mM NaPF6 at 20 C (A) and 70 C (B), with a
cross-sectional profile along the dashed line in each image. The solution was diluted from a pH
4.50 solution of 0.2 mg/g SMB-11 with 6 mM NaPF6 using pH 4.50 water.
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11.3 nm, and the aveage height from 200 globular molecules was found to be 2.9  0.8 nm. In
contrast, at 70 C, extended three-arm star brushes were observed, although some molecules
appeared to be broken, resulting in linear nanoobjects. The average height of 200 arms of the
brushes on the substrate was 1.5  0.3 nm. Measurements of 156 arms of star-shaped molecules
showed an average arm length of 95.7  33.4 nm, similar to the average arm length of SMB-11
from pH 4.50 water without a salt (98.4  28.2 nm). We also conducted AFM of SMB-22 drop
cast on glass from a 0.050 mg/g solution in pH 4.50 water with 1.0 mM NaPF6 at 0 C and 70 C
(Figures 4.8 and B27-B29), which was diluted from a 0.2 mg/g solution with 4 mM NaPF6 using
pH 4.50 water. Collapsed globular and ellipsoidal nanoobjects were seen, with an average height
of 6.5  1.4 nm (from 200 molecules). The average size of 300 nanoobjects was 40.9  7.2 nm.
Same as SMB-11 shown in Figure 4.7B, extended star-shaped molecules were observed (Figures
4.8B and B29), with an average height of 1.6  0.3 nm. The average arm length from the
measurements of 255 arms of star-shaped brushes was 92.6  33.6 nm. These images confirmed
the thermally induced globule-to-star shape transitions hinted from DLS studies (Figure 4.5).
4.3.5. Temperature Effects on Conformations of Star Brushes SMB-11 and -22 in the
Presence of Weak Chaotropic Anion I- and Kosmotropic Anion SO42Lastly, we investigated the effects of temperature on the conformations of SMB-11 and -22 in
the presence of weak chaotropic anion I- and kosmotropic anion SO42-. As shown in Figure 4.2,
the addition of these two anions into 0.2 mg/g solutions of SMB-11 and -22 with a pH of 4.50 only
caused small size variations, which suggested no star-to-globule shape transition. Figure 4.9A and
B shows the Dh of 0.2 mg/g SMB-11 in pH 4.50 acidic water with 50 mM NaI and 0.2 mg/g SMB22 in pH 4.50 acidic water with 10 mM NaI as a function of temperature from a heating process,
respectively. For both SMB-11 and SMB-22, the apparent hydrodynamic size appears to increase
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Figure 4.8. AFM height images of SMB-22 drop cast on a glass disk from a 0.050 mg/g solution
of SMB-22 in pH 4.50 water with 1.0 mM NaPF6 at 0 C (A) and 70 C (B), with a cross-sectional
profile along the dashed line in each image. The solution was diluted from a pH 4.50 solution of
0.2 mg/g SMB-22 with 4 mM NaPF6 using pH 4.50 water.
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Figure 4.9. (A) Plot of apparent hydrodynamic size (Dh) of 0.2 mg/g SMB-11 in pH 4.50 water in
the presence of 50 mM NaI versus temperature. (B) Plot of Dh of 0.2 mg/g SMB-22 in pH 4.50
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slightly with increasing temperature, but there is no sharp size transition as expected. At a lower
salt concentration for SMB-22 (10 mM), the size increase was slightly larger than that for SMB11 at a higher salt concentration (50 mM) when the temperature was raised from 20 to 70 C.
Figure 4.10A and B shows the plots of Dh of SMB-11 in the presence of 5 mM Na2SO4 and SMB22 with 50 mM Na2SO4 versus temperature from a heating process. The hydrodynamic sizes of
both brush polymers varied slightly with temperature; similar to the addition of NaI there was no
abrupt size change. Here, however, the size of SMB-11 in the presence of 5 mM Na2SO4 showed
a small decrease of ~ 3 nm from 15 to 65 C, whereas the Dh of SMB-22 with 50 mM Na2SO4
increased slightly upon heating. Since each sulfate anion has a charge of 2- and can form a bridge
between two protonated tertiary amine groups, it is possible that the bridging interactions are
weakened at higher temperatures, causing the size to increase slightly with temperature. However,
we could not rationalize the small but noticeable decrease in size for SMB-11.
Figures 4.11 and B34-B37 show the AFM height images of SMB-11 drop cast on glass
substrates from a 0.050 mg/g solution with a pH value of 4.50 in the presence 2.5 mM Na2SO4 at
20 and 70 C. The solution for the preparation of AFM samples was obtained by diluting the 0.20
mg/g SMB-11 solution in the presence of 10 mM Na2SO4 using pH 4.50 acidic water as for the
preparation of other AFM samples. At both temperatures, the brush molecules were in a three-arm
star shape, as expected. The average arm length of SMB-11 molecules from the image analysis
using Image J was 83.0  31.1 nm at 20 C (from 120 arms of three-arm star brushes) and 87.5 
30.0 nm at 70 C from 75 arms. These two values are similar to each other but noticeably smaller
than those of SMB-11 in the star state under other conditions (e.g., 95.7  33.4 nm in the presence
of NaPF6 at 70 C). The average arm height of SMB-11 was 1.6  0.3 nm at 20 C (from 200 arms)
and 1.8  0.5 nm at 70 C (from 87 arms), which were also slightly larger than that of SMB-11
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Figure 4.11. AFM height images of SMB-11 drop cast on glass disks from a solution of 0.050
mg/g SMB-11 in pH 4.50 water with 2.5 mM Na2SO4 at 20 C (A) and 70 C (B), with a crosssectional profile along the dashed line in each image. The solution was diluted from a 0.2 mg/g
solution of SMB-11 in pH 4.50 water with 10 mM Na2SO4 using pH 4.50 water.
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(1.5  0.3 nm) in the presence of PF6- at 70 C. These observations are likely caused by the bridging
interactions of divalent SO42- anions with protonated PDMAEMA, resulting in brush shrinking.
4.4. Conclusions
In summary, we synthesized two three-arm star-shaped bottlebrush polymers heterografted
with 5 kDa PEO and either PDMAEMA (for SMB-11) or PDEAEMA (for SMB-22) and
investigated the effects of temperature on super and moderate CA-induced star-globule shape
transitions of the two brush polymers in acidic water and the interactions of protonated
bottlebrushes with weak CA I- and kosmotropic anion SO42-.54 Consistent with the results
previously reported from our group, the addition of super CAs, such as [Fe(CN)6]3- and
[Fe(CN)6]4-, and moderate CAs, such as PF6- and ClO4-, induced starlike-to-globular shape
transitions of both SMB-11 and -22 at pH 4.50 at 25 C due to the chaotropic ion pairing of
protonated tertiary amine groups with CAs as well as the chaotropic effect. DLS and AFM studies
showed that the globular brushes collapsed by super CAs remained in the globular state when the
temperature was increased to 70 C. In contrast, the collapsed bottlebrush molecules in the
presence of moderate CAs underwent globule-to-star shape changes upon heating. On the other
hand, weak CA I- and kosmotropic anion SO42- exerted rather small influences on the
conformations of SMB-11 and -22 at 25 C, and only small size variations were observed upon
increasing temperature to 70 C from the DLS measurements. AFM showed that SMB-11 in the
presence of Na2SO4 remained in the star shape at both 20 and 70 C. The findings described in this
chapter might have implications in the design and fabrication of stimuli-responsive drug delivery
systems. For example, many drugs are charged (e.g., thiosalicylate) and might be chaotropic ions
because of their large sizes and low charge densities. Such drug molecules might be able to induce
shape changes of molecular bottlebrushes and the collapsed globular brushes might be
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thermoresponsive in aqueous solution, which could be utilized to develop stimuli-responsive
delivery systems.
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Appendix B

for

Chapter 4: Effects of Temperature on Chaotropic Anion-Induced Shape Transitions of
Star Molecular Bottlebrushes with Heterografted Poly(ethylene oxide) and Poly(N,Ndialkylaminoethyl methacrylate) Side Chains in Acidic Aqueous Solutions
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B.1. Calculation of Grafting Density of SMB-11 and -22
The side chain composition of purified SMB-11 was determined by 1H NMR spectroscopy
analysis using the integrals of the peaks at 4.15 – 3.96 (-COOCH2- of PDMAEMA) and at 3.38
ppm (-OCH3 of PEO). Taking the DP of PDMAEMA (DP = 56) into the account, the number ratio
(molar ratio) of PDEAEMA and PEO side chains in SMB-11 was determined to be 43.7% : 56.3%.
For SMB-22, the integrals of the peaks at 4.16 – 3.87 ppm (-COOCH2- of PDEAEMA) and at 3.38
ppm (-OCH3 of PEO) were used along with the DP of PDEAEMA (DP = 53). The molar ratio of
PDEAEMA and PEO side chains in SMB-22 was determined to be 41.8% : 58.2%.
The grafting density of SMB-11 was calculated to be 86.7% by using the SEC peak area
fractions of the star brush polymer and the remaining unreacted side chains in the final reaction
mixture, the feed masses, and the side chain composition of purified SMB-11 as detailed below.
The peak area percentages of the brush polymer and the unreacted side chains from the SEC
analysis of the final reaction mixture were 79.9% and 20.1%, respectively, which are related to the
mass percentages of the brushes and the side chain polymers. The Mn value of PDMAEMA
calculated from the DP, including end groups, was 9010 g/mol, while the Mn for PEO with end
groups was 5100 g/mol. Thus, based on the side chain molar composition of SMB-11 from 1H
NMR spectroscopy analysis (43.7% for PDMAEMA and 56.3% for PEO), the mass percentages
of PDMAEMA and PEO were calculated to be 57.8% and 42.2%, respectively. To determine the
total mass of the reacted side chain polymers, the sum of the feed masses of backbone and side
chain polymers was multiplied by the SEC area fraction of the brush polymer (79.9%), from which
the mass of the backbone polymer was subtracted. This gave the total mass of 147.2 mg for the
reacted side chain polymers. Therefore, the masses of reacted PDMAEMA and PEO were 85.1 mg
and 62.1 mg, respectively. Using the aforementioned Mn values of PDMAEMA and PEO, the total
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number of moles of the reacted side chain polymers was 2.16  10-5 mol. The number of moles of
the azide groups on PHEMA-N3 in the feed was 2.49  10-5 mol, assuming that the azide
functionalization of PHEMA-N3 was 100%. The grafting density of SMB-11 was calculated by
dividing the number of moles of reacted side chain polymers by the number of moles of azide
groups, which gave 86.7%. Using the same method, the grafting density of SMB-22 was calculated
to be 83.9%.
B.2. Calculation of Weight-Average Molecular Weights of SMB-11 and -22
The calculated weight average molecular weight of SMB-11 was found to be 9.31  106 g/mol.
The value was obtained by adding together the weight-average molecular weights of the backbone
and all the grafted PDMAEMA and PEO side chains. The weight-average molecular weight of the
backbone was calculated to be 3.65  105 g/mol by multiplying the Mn, calculated using the total
DP of the backbone and including the molar mass of the trifunctional initiator, by the dispersity of
azide backbone polymer PHEMA-N3 (Đ = 1.16). The calculated weight-average molecular weight
of PDMAEMA from the DP and Đ was 1.13  104 g/mol (Mn  1.25), and the calculated weight
average molecular weight of PEO was 5.3  103 g/mol). The grafting density of SMB-11 was
86.7%, and the brushes were composed of 43.7% for PDMAEMA and 56.3% for PEO as detailed
earlier. Therefore, there were 569 PDMAEMA chains and 733 PEO chains grafted in each SMB11 brush molecule, and the calculated weight average molecular weight of SMB-11 was 9.31 
106 g/mol. Using the same method, the calculated average molecular weight of SMB-22 was 9.17
 106 g/mol.

211

EL-IV-75-PDMAEMA-56
EL-IV-75-PDMAEMA-56

PDMAEMA
PDMAEMA
Mn,SEC = 8.6 kDa

b a

O
O

n

O

PDI = 1.25

c

O

N

e
d
d

e

CHCl3

c

a
b

(A)

10

12

14

16

18

20

Retention Time (min)

22

24

(B)

7

6

5

4

3

2

1

0

 (ppm)

Figure B1. (A) Size exclusion chromatography (SEC) trace and (B) 1H NMR spectrum in CDCl3
of alkyne-end-functionalized poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) with a
degree of polymerization of 56. The SEC chromatogram was obtained from a SEC system
equipped with GRAL columns using DMF with 50 mM LiBr as eluent.
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Figure B2. Size exclusion chromatograph (SEC) trace (A) and 1H NMR spectrum in CDCl3 (B)
of alkyne-end-functionalized PDEAEMA with a degree of polymerization (DP) of 53. The SEC
chromatogram was obtained from a SEC system equipped with GRAL columns using DMF with
50 mM LiBr as eluent.
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Figure B3. Size exclusion chromatography (SEC) curves of the reaction mixture at the end of the
reaction for the synthesis of SMB-11 (red) and the purified brushes, SMB-11 (blue), obtained using
a SEC system equipped with GRAL columns and N,N-dimethylformamide containing 50 mM LiBr
as the eluent.

214

EL-IV-76-SMB-22

Reaction Mixture
Purified SMB-22

8

10

12

14

16

18

20

22

Retention Time (min)
Figure B4. Size exclusion chromatography (SEC) curves of the final reaction mixture for the
synthesis of SMB-22 (red) and the purified brushes, SMB-22 (blue), obtained using a SEC system
equipped with GRAL columns and N,N-dimethylformamide containing 50 mM LiBr as the eluent.
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Figure B5. (A) 1H NMR spectrum of purified SMB-11 in CDCl3. (B) SEC trace of purified SMB11 from a GPC-MALS system using DMF with 0.10 M LiBr as the eluent.
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Figure B6. (A) 1H NMR spectrum of purified SMB-22 in CDCl3 and (B) SEC trace of purified
SMB-22 obtained from a GPC-MALS system using DMF with 0.10 M LiBr as the eluent.
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Figure B7. Hydrodynamic size distribution of SMB-11 in an acidic water with a pH of 4.50 at a
concentration of 0.2 mg/g obtained from dynamic light scattering (DLS) measurements at 25 C.
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Figure B8. Hydrodynamic size distribution of SMB-22 in pH 4.50 acidic water at a concentration
of 0.2 mg/g obtained from dynamic light scattering (DLS) measurements at 25 C.
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Figure B9. Atomic force microscopy (AFM) height images (3  3 m) of SMB-11 spin cast onto
bare mica from THF at a concentration of 0.05 mg/g at room temperature (~ 20 C).
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Figure B10. Atomic force microscopy (AFM) height images (1  1 m) of SMB-11 spin cast onto
bare mica from THF at a brush polymer concentration of 0.05 mg/g at room temperature (~ 20
C), with a cross-sectional height profile corresponding to the dashed line in each image.
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Figure B11. Atomic force microscopy (AFM) height images of SMB-11 drop cast on glass disks
from a 0.050 mg/g SMB-11 solution in pH 4.50 acidic water at room temperature (~ 20 C), with
a cross-sectional profile along the dashed line of the 1  1 m image.

222

Figure B12. Atomic force microscopy (AFM) height images of SMB-22 drop cast on glass disks
from a 0.050 mg/g SMB-22 solution in pH 4.50 acidic water at room temperature (~ 20 C), with
a cross-sectional profile along the dashed line in each of the bottom 1  1 m images.
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Figure B13. Hydrodynamic size distributions of 0.2 mg/g SMB-11 in pH 4.50 acidic water in the
presence of Na4[Fe(CN)6] (A), K3[Fe(CN)6] (B), NaClO4 (C), NaI (D), and Na2SO4 (E) at one low
and one high concentration, obtained from DLS measurements at 25 C. These size distributions
are for the corresponding data points in Figure 4.2A.
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Figure B14. Hydrodynamic size distributions of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of (A) Na4[Fe(CN)6], (B) K3[Fe(CN)6], (C) NaPF6, (D) NaI, and (E) Na2SO4 at one low
and one high concentration, obtained from dynamic light scattering measurements at 25 C. These
size distributions are for the corresponding data points in Figure 4.2B.
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Figure B15. (A) Apparent hydrodynamic size (Dh) of 0.2 mg/g SMB-22 in pH 4.50 acidic water
in the presence of 0.2 mM Na4[Fe(CN)6] as a function of temperature. (B) Hydrodynamic size
distributions of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the presence of 0.2 mM Na4[Fe(CN)6]
at 25 and 70 C.
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Figure B16. Hydrodynamic size distributions of 0.2 mg/g SMB-11 in pH 4.50 acidic water in the
presence of 0.25 mM (A), 0.50 mM (B), and 0.80 mM K3[Fe(CN)6] (C) at one low and one high
temperature. These size distributions are for the corresponding data point in Figure 4.3A.
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Figure B17. Hydrodynamic size distributions of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of 0.12 mM K3[Fe(CN)6] at 20 and 60 C shown in Figure 4.3B in the main text.
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Figure B18. Atomic force microscopy height images (3  3 m) of SMB-11 drop cast on glass
disks at 20 C from a 0.050 mg/g SMB-11 in pH 4.50 acidic water in the presence of 0.075 mM
K3[Fe(CN)6]. The solution used to prepare AFM samples was diluted from a 0.2 mg/g solution of
SMB-11 in pH 4.50 water with 0.30 mM K3[Fe(CN)6] using pH 4.50 acidic water.
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Figure B19. Atomic force microscopy height images (1  1 m) of SMB-11 drop cast on glass
disks at 20 C from a 0.050 mg/g SMB-11 in pH 4.50 acidic water in the presence of 0.075 mM
K3[Fe(CN)6], with a cross-sectional profile along the dashed line in each image. The solution used
to prepare AFM samples was diluted from a 0.2 mg/g solution of SMB-11 in pH 4.50 water with
0.30 mM K3[Fe(CN)6] using pH 4.50 acidic water.
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Figure B20. Atomic force microscopy height images of SMB-11 drop cast on glass disks at 70 C
from a 0.050 mg/g SMB-11 in pH 4.50 acidic water in the presence of 0.075 mM K3[Fe(CN)6],
with cross-sectional profiles along the dashed lines in the 1  1 m images. The solution used to
prepare AFM samples was diluted from a 0.2 mg/g solution of SMB-11 in pH 4.50 water with 0.30
mM K3[Fe(CN)6] using pH 4.50 acidic water.
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Figure B21. Hydrodynamic size distributions of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of (A) 2.5 mM, (B) 3.0 mM (heating), (C) 3.0 mM (cooling), (D) 3.5 mM, and (E) 4.0
mM NaPF6 at 5 and 70 C, obtained from DLS measurements. These size distributions are for the
corresponding data points in Figure 4.5C and D.
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Figure B22. Hydrodynamic size distributions of 0.2 mg/g SMB-11 in pH 4.50 acidic water in the
presence of NaClO4 with various concentrations at one low and one high temperature,
corresponding to the data points in Figure 4.6A and B.
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Figure B23. Hydrodynamic size distributions of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of 50 mM NaClO4 at 20 and 70 C for the corresponding data points in Figure 4.6C.
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Figure B24. AFM height images (3  3 m) of SMB-11 drop cast on glass disks from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water in the presence of 1.5 mM NaPF6 at 20 C. The solution
was diluted from a pH 4.50 solution of 0.2 mg/g SMB-11 with 6 mM NaPF6 using pH 4.50 water.
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Figure B25. AFM height images (1  1 m) of SMB-11 drop cast on glass disks from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water in the presence of 1.5 mM NaPF6 at 20 C, with crosssectional profiles along the dashed lines in the bottom two 1  1 m images. The solution was
diluted from a pH 4.50 solution of 0.2 mg/g SMB-11 with 6 mM NaPF6 using pH 4.50 water.
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Figure B26. AFM height images (1  1 m) of SMB-11 drop cast on glass disks from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water in the presence of 1.5 mM NaPF6 at 70 C, with crosssectional profiles along the dashed lines in the bottom two images. The solution was diluted from
a pH 4.50 solution of 0.2 mg/g SMB-11 with 6 mM NaPF6 using pH 4.50 water.
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Figure B27. AFM height images of SMB-22 drop cast on glass disks from a 0.050 mg/g solution
of SMB-22 in pH 4.50 water in the presence of 1.0 mM NaPF6 at 0 C. The solution was diluted
from a pH 4.50 solution of 0.2 mg/g SMB-22 with 4 mM NaPF6 using pH 4.50 water.
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Figure B28. AFM height images of SMB-22 drop cast on glass disks from a 0.050 mg/g solution
of SMB-22 in pH 4.50 water in the presence of 1.0 mM NaPF6 at 0 C, with cross-sectional profiles
along the dashed lines in the bottom two images. The solution was diluted from a pH 4.50 solution
of 0.2 mg/g SMB-22 with 4 mM NaPF6 using pH 4.50 water.
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Figure B29. Atomic force microscopy (AFM) height images of SMB-22 drop cast on glass disks
from a solution of 0.050 mg/g SMB-22 in pH 4.50 acidic water in the presence of 1.0 mM NaPF6
at 70 C, with cross-sectional profiles along the dashed lines in the bottom two images. The
solution was diluted with pH 4.50 water from a 0.2 mg/g solution of SMB-22 with a pH of 4.50 in
the presence of 4 mM NaPF6.
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Figure B30. Hydrodynamic size distributions of 0.2 mg/g SMB-11 in pH 4.50 acidic water in the
presence of 50 mM NaI at 5 and 70 C for the corresponding data points in Figure 4.9A.
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Figure B31. Hydrodynamic size distribution of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of 10 mM NaI at 20 and 65 C for the corresponding data points in Figure 4.9B.
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Figure B32. Hydrodynamic size distributions of 0.2 mg/g SMB-11 in pH 4.50 acidic water in the
presence of 5 mM NaSO4 at one low (15 C) and one high temperature (65 C) for the
corresponding data points in Figure 4.10A.
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Figure B33. Hydrodynamic size distribution of 0.2 mg/g SMB-22 in pH 4.50 acidic water in the
presence of 50 mM Na2SO4 at 5 and 65 C for the corresponding data points in Figure 4.10B.
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Figure B34. AFM height images (3  3 m) of SMB-11 drop cast on a glass disk from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water with 2.5 mM Na2SO4 at 20 C. The solution was diluted
from a 0.2 mg/g solution of SMB-11 in pH 4.50 water with 10 mM Na2SO4 using pH 4.50 water.
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Figure B35. AFM height images (1  1 m) of SMB-11 drop cast on a glass disk from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water with 2.5 mM Na2SO4 at 20 C, with cross-sectional
profiles along the dashed lines in the bottom two 1  1 m images. The solution was diluted from
a 0.2 mg/g solution of SMB-11 in pH 4.50 water with 10 mM Na2SO4 using pH 4.50 water.
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Figure B36. AFM height images (3  3 m) of SMB-11 drop cast on glass disks from a solution
of 0.050 mg/g SMB-11 in pH 4.50 water with 2.5 mM Na2SO4 at 70 C. The solution was diluted
from a 0.2 mg/g solution of SMB-11 in pH 4.50 water with 10 mM Na2SO4 using pH 4.50 water.
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Figure B37. AFM height images of SMB-11 drop cast on glass disks from a solution of 0.050
mg/g SMB-11 in pH 4.50 water with 2.5 mM Na2SO4 at 70 C, with a cross-sectional prifle along
the dashed line in each image. The solution was diluted from a 0.2 mg/g solution of SMB-11 in
pH 4.50 water with 10 mM Na2SO4 using pH 4.50 water.
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Chapter 5: Chaotropic Anion-Induced Conformational Changes of ThreeArm Star Molecular Bottlebrushes with Heterografted Poly(ethylene oxide)
and Poly((2-(methacryloyloxy)ethyl)trimethylammonium iodide) Side Chains
in Water
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Abstract.
This chapter presents a study of chaotropic anion (CA)-induced conformational changes of
three-arm star molecular bottlebrushes composed of heterografted poly(ethylene oxide) (PEO) and
poly([2-(methacryloyloxy)ethyl]trimethylammonium iodide) (SMB-Q) in Milli-Q water at 25 C.
SMB-Q was synthesized by grafting alkyne-end-functionalized PEO and poly(N,Ndimethylaminoethyl methacrylate) (PDMAEMA) onto an azide-functionalized star backbone
polymer via a click reaction followed by quaternization of the tertiary amine groups of
PDMAEMA with iodomethane. The effects of six anions (super chaotropic S2O82-, moderately
chaotropic ClO4-, relatively weak chaotropic SCN-, kosmotropic SO42-, salicylate (C7H5O3-), and
thiosalicylate (C7H5O2S-)) on the conformation of SMB-Q in Milli-Q water at 25 °C were studied
by DLS measurements. Upon increasing the salt concentration, pronounced size reduction
transitions were observed for all the anions except SO42- but at different anion concentrations. The
observation suggests that salicylate and thiosalicylate anions might be chaotropic. The size
transitions of SMB-Q occurred at much low concentrations of S2O82- and ClO4- compared with a
protonated three-arm star brush polymer composed of heterografted PEO and PDMAEMA side
chains in acidic water. The latter only showed a small gradual size decrease in response to the
increase of the concentration of SCN-. These indicated that the quaternary ammonium was a
stronger chaotropic cation than the protonated tertiary amine groups of PDMAEMA. The
pronounced size transitions of SMB-Q are believed to result from the ion pairing of quaternary
ammonium groups in SMB-Q with chaotropic anions, which decreased the solubility of the
quaternized PDMAEMA side chains. This was confirmed by the observation that the solubility of
the quaternized linear PDMAEMA in water in the presence of NaClO4 decreased. On the other
hand, kosmotropic SO42- had a rather small influence on the conformation of SMB-Q in water.
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5.1. Introduction
Molecular bottlebrushes (MBBs) are macromolecules composed of densely grafted polymeric
side chains on a polymer backbone.1-3 Due to the high grafting density, linear MBBs with a
sufficiently large aspect ratio adopt extended wormlike conformations in good solvents.1-4 MBBs
are commonly synthesized by three methods: grafting from,5-7 grafting through,8-10 and grafting
to.11-13 Grafting to has been shown to be capable of producing MBBs with high and tunable grafting
densities when the copper(I)-catalyzed azide-alkyne cycloaddition click reaction is used.14-18
Owing to their structural characteristics, molecular bottlebrushes possess broad potential in
applications such as drug delivery,19 lubrication,20 template synthesis,21 and sensors.22
Stimuli-responsive MBBs can undergo large size changes in response to relatively small
environmental variations.1 The stimuli-responsiveness of MBBs is usually introduced through the
use of stimuli-responsive polymers as side chains. When polyelectrolytes are incorporated into
MBBs as side chains, the resultant MBBs can exhibit responsive behavior when salts or linear
polyelectrolytes of opposite charges are added.23-25 However, the collapsed MBBs are not stable
in aqueous solutions. This problem can be solved by introducing solvophilic side chains into the
MBBs as a stabilizer.14-18 Chapter 4 describes the synthesis and responsive behavior in acidic water
of two three-arm star brush polymers composed of heterografted PEO and either poly(2-(N,Ndimethylamino)ethyl

methacrylate)

(PDMAEMA)

or

poly(2-(N,N-diethylamino)ethyl

methacrylate) (PDEAEMA) side chains. While the brushes collapsed by super chaotropic
[Fe(CN)6]4- and [Fe(CN)6]3- stayed in the globular state upon heating from room temperature to 70
C, the star MBBs collapsed by moderate chaotropic anions (CAs), such as PF6- and ClO4-,
exhibited a globule-to-star shape transition. On the other hand, weak chaotropic I- exerted only a
small effect on the hydrodynamic sizes of the two brush polymers in acidic water.

251

In the present work, we synthesized a three-arm star brush polymer composed of heterografted
PEO and poly((2-(methacryloyloxy)ethyl)trimethylammonium iodide) (PDMAEMA-Q) side
chains (SMB-Q) and studied its responsive behavior in water upon the addition of salts containing
chaotropic anions (Scheme 5.1). According to Marcus, (CH3)4N+ is a stronger chaotrope than
(CH3)2NH2+.26 Compared with the protonated tertiary amine groups (-CH2CH2N+H(CH3)2) of
PDMAEMA in acidic water, the quaternary ammonium cations (-CH2CH2N+(CH3)3) in
PDMAEMA-Q are larger. Thus, we believe that the latter is a stronger chaotropic cation and
moderate CAs could collapse the star brushes at lower salt concentrations than the protonated
SMB-11 described in Chapter 4. To test this hypothesis, SMB-Q was prepared by first grafting
alkyne-end-functionalized PEO and PDMAEMA onto an azide-functionalized star backbone
polymer, PHEMA-N3, and then quaternizing the resultant brushes with iodomethane (Scheme 5.1).
The responsive behavior of SMB-Q in water upon addition of three CAs (S2O82-, ClO4-, and SCN-)
and kosmotropic SO42- (for comparison) was investigated by dynamic light scattering (DLS)
measurements. While S2O82- is a super CA, ClO4- is moderately chaotropic and SCN- is a relatively
weak CA.27 In addition, salicylate (C7H5O3-) and thiosacylate (C7H5O2S-) were also studied,
although it is unclear whether they are chaotropes or kosmotropes. It would be interesting if these
two drugs could induce large conformation changes of SMB-Q.

5.2. Experimental Section
5.2.1. Materials
2-(N,N-Dimethylamino)ethyl methacrylate (DMAEMA, 98.5%, TCI) was passed through a
basic alumina (top)/silica gel (bottom) column to remove the inhibitor prior to use. Propargyl 2bromoisobutyrate was made according to the literature14 and characterized by NMR spectroscopy
analysis. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA, 97%, Alfa-Aesar) and
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Scheme 5.1. Synthesis of Polyelectrolyte Three-Arm Star Brushes SMB-Q.

253

1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, 99%, Acros Organics) were distilled under
vacuum. Copper(I) chloride (CuCl, 97%, Alfa-Aesar) was stirred in glacial acetic acid overnight,
filtered under a reduced pressure, rinsed with absolute ethanol and diethyl ether, and dried under
high vacuum. Alkyne end-functionalized poly(ethylene glycol) methyl ether was prepared from 5
kDa poly(ethylene glycol) methyl ether as described in Chapter 4. The alkyne-end-functionalized
PDMAEMA used in the present work was prepared using the same procedure as described in
Chapter 4 (Section 4.2.4). The DP of this PDMAEMA was 56, calculated from the monomer
conversion and the monomer-to-initiator ratio; SEC analysis using the DMF SEC system with
GRAL columns showed the Mn,SEC was 9.1 kDa and the Đ value was 1.18, relative to polystyrene
standards. The azide-functionalized three-arm star backbone polymer with a DP of 434 per arm
(PHEMA-N3) was prepared by Dr. Ethan W. Kent as described in the literature.28 From 1H NMR
spectroscopy analysis, the degree of azide functionalization was 88.3%. The Mn,SEC of PHEMAN3 was 224.5 kDa and the Ð was 1.16 relative to polystyrene standards by SEC analysis using PSS
GRAL columns with DMF containing 50 mM LiBr as the eluent. Acetonitrile (99%, Aldrich) and
anisole (99%, Acros Organics) were dried with 4 Å molecular sieves (Aldrich). Sodium persulfate
(Na2S2O8, 98 %, Alfa Aesar), sodium perchlorate (NaClO4, 98 %, Alfa Aesar), sodium thiocyanate
(NaSCN, 95%, Fisher Scientific), sodium sulfate (Na2SO4, 99%, Fisher Scientific), and sodium
salicylate (NaC7H5O3, 99%, Alfa Aesar) were used as received. Sodium thiosalicylate was
prepared from thiosalicylic acid (C7H5O2S, 97%, Sigma Aldrich) by dissolving in basic water (1
M NaOH), recrystallizing, and drying under high vacuum. Aqueous solutions with different
concentrations for each salt were prepared by dissolving appropriate amounts of the salt in MilliQ water and then filtered through 0.45 m hydrophilic PTFE filters. All other chemicals were
purchased from commercial vendors and used as received.
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5.2.2. General Characterization
The alkyne end-functionalized PDMAEMA and the reaction mixture for the synthesis of SMBM (Scheme 5.1) were analyzed using a PL-PGC 50 Plus system, an integrated GPC/SEC system
from Polymer Laboratories, Inc. This SEC instrument was equipped with a differential refractive
index (RI) detector, one PSS GRAL guard column (10 micron particles, 50  8 mm, Polymer
Standards Service-USA, Inc.), and two PSS GRAL linear columns (10 micron particles, 300  8
mm, molecular weight range of 500 to 1 000 000 g/mol, PSS-USA, Inc.). The analysis was
performed at 50 C, with N,N-dimethylformamide (DMF) containing 50 mM LiBr as the eluent at
a flow rate of 1.0 mL/min. The system was calibrated with narrow dispersity linear polystyrene
standards (Scientific Polymer Products, Inc.). 1H NMR and 13C NMR spectra were obtained using
either a Varian VNMRS 500 NMR or a Varian VNMRS 600 NMR spectrometer.
5.2.3. Synthesis of Star Molecular Bottlebrushes Composed of Heterografted PEO and
PDMAEMA Side Chains (SMB-M)
PHEMA-N3 (10.7 mg, 4.42  10-5 mol azide moieties assuming quantitative functionalization,
added by 1.633 g of a 6.111 mg/g stock solution in THF), alkyne end-functionalized PEO (126.9
mg, 2.49  10-5 mol), alkyne end-functionalized PDMAEMA (224.6 mg, 2.49  10-5 mol),
copper(I) chloride (4.1 mg, 4.1  10-5 mol), and THF (6.5 mL) were added to a 2-dram scintillation
vial equipped with a magnetic stir bar and sealed with a rubber septum. The headspace was flushed
with nitrogen gas through needles for 10 min and PMDETA (9.52 L, 4.56  10-5 mol) was
injected by a microsyringe. The headspace was purged for an additional 10 min and sealed. After
stirring overnight, propargyl benzyl ether (10 μL) was injected by microsyringe to cap unreacted
azide groups and stirred. The copper catalyst was removed by passing the reaction mixture through
a basic alumina (top)/silica gel (bottom) plug using THF as an eluent. The solution was
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concentrated (~ 6 mL) by rotary evaporation, diluted with ethanol (200 proof, 30 mL), and then
concentrated again. This process was repeated for two more times to remove THF. The
concentrated solution was diluted with the same amount of Milli-Q water. The bottlebrushes were
purified by eleven rounds of centrifugal filtration at 5000 rpm using a 50 kDa MWCO
ultracentrifuge filter (MilliporeTM and AmiconTM). The removal of side chains was confirmed by
SEC analysis using a SEC system with GRAL columns and DMF with 50 mM LiBr as the mobile
phase. The purified brushes were slowly concentrated and stored in THF as a stock solution (yield:
64.3 mg, 21.0 %).
5.2.4. Synthesis of Star Molecular Bottlebrushes Composed of Heterografted PEO and
PDMAEMA-Q Side Chains (SMB-Q)
SMB-M (18.7 mg, 4.20  10-5 mol tertiary amine groups) was dissolved in acetonitrile (1 mL,
dried over anhydrous 4Å molecular sieves) in a 1-dram scintillation vial equipped with a magnetic
stir bar and a rubber septum. Iodomethane (24.06 mg, 1.70  10-4 mol) was added, and the vial
was immediately covered with aluminum foil. After the reaction mixture was stirred at room
temperature for 16 h, an aliquot was taken for 1H NMR analysis, which showed that reaction
reached a quantitative conversion. The reaction mixture was carefully concentrated and purified
by dialysis (regenerated cellulose dialysis tubing with MWCO of 3500 Da) against Milli-Q water.
The dialysis was performed in dark and the water was changed frequently for 1 day. The resultant
solution was concentrated and stored in Milli-Q water (yield: 11.22 mg, 41.0 %).
5.2.5.

Synthesis

of

Poly((2-(methacryloyloxy)ethyl)trimethylammonium

iodide)

(PDMAEMA-Q)
PDMAEMA (0.643 g of a 71.8 mg/g stock solution in THF, 4.57  10-4 mol of tertiary amine
groups) was added to a 2-dram scintillation vial equipped with a magnetic stir bar and a rubber
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septum. The solution was concentrated, dried under high vacuum, and re-dissolved in acetonitrile
(2 mL, dried over anhydrous 4Å molecular sieves). After the polymer solution was equilibrated in
an ice/water bath, a solution of iodomethane (89.5 mg, 6.31  10-4 mol) in dry acetonitrile (1 mL)
cooled in an ice/water bath was added dropwise. The mixture was warmed naturally to room
temperature and stirred overnight. After 16 h, an aliquot was taken for 1H NMR spectroscopy
analysis showing a quantitative conversion. The reaction was stopped, and the mixture was
concentrated and dried under high vacuum. The polymer was collected as a yellow solid (yield:
81.9 mg, 94.2 %).
5.2.6. Dynamic Light Scattering Study of SMB-Q in Aqueous Solutions With Salts
Dynamic light scattering (DLS) measurements of SMB-Q in aqueous solution in the presence
of various salts were taken using a Malvern Zetasizer Nano ZS instrument with a He-Ne 644 nm
laser and a temperature controller at a scattering angle of 173°. A stock solution of SMB-Q with a
concentration of 1.09 mg/g was prepared first and then diluted to the concentration of 0.1 mg/g.
The 0.1 mg/g solutions of SMB-Q were slowly filtered through a 0.45 μm PTFE filter prior to DLS
experiments. To study the effects of salts on the conformation of SMB-Q in water, aqueous stock
solutions of six salts (Na2S2O8, NaClO4, NaSCN, Na2SO4, NaC7H5O3, and NaC7H5O2S) with
various concentrations (0.010, 0.10, and 1.0 M) were made using Milli-Q water and added in small
aliquots each time (< 10 μL) into a 1.0 mL solution of 0.1 mg/g SMB-Q to obtain an appropriate
salt concentration using a pipette (Gilson, Pipetman Classic P20). For each salt, the DLS
measurements were performed at 25 C to study the effect of salt concentration on the apparent
hydrodynamic size of SMB-Q. The data points in the DLS size plots are averages of three
measurements and each measurement is the average of 10 runs. Unless otherwise stated, all the

257

data points in the DLS plots are single size distributions without any large species. Representative
hydrodynamic size distributions are presented as examples.
5.2.7. Behavior of PDMAEMA-Q in Water in the Presence of NaClO4 Upon Heating
The behavior of PDMAEMA-Q in water in the presence of NaClO4 upon heating was
investigated by visual inspection. A 5.0 mg/g solution of PDMAEMA-Q in Milli-Q water was
prepared, and NaClO4 salt was added to adjust the salt concentration incrementally until the
solution turned cloudy at room temperature. The temperature was then gradually increased using
a Fisher Scientific Isotemp 4100 R20F until the solution became clear. The temperature was
subsequently decreased, and at each temperature, the solution was equilibrated for 2 min. When
the solution just turned cloudy, the temperature was recorded as the cloud point. Photographs of
the solution were taken above and below the cloud point using a Nikon Coolpix B500 camera.

5.3. Results and Discussion
5.3.1. Synthesis and Characterization of SMB-Q with Heterografted PEO and Poly((2(methacryloyloxy)ethyl)trimethylammonium iodide) Side Chains
SMB-Q composed of PEO and permanently charged PDMAEMA-Q side chains was prepared
via a two-step procedure as shown in Scheme 5.1. In the first step, a copper(I)-catalyzed azidealkyne cycloaddition reaction was carried out to simultaneously graft alkyne-end-functionalized
PEO and PDMAEMA onto an azide-bearing three-arm star backbone polymer, PHEMA-N3,
producing SMB-M with heterografted PEO and PDMAEMA side chains, as for the synthesis of
SMB-11 in Chapter 4. The synthesis of 5 kDa PEO was described in the previous chapter, and the
alkyne end-functionalized PDMAEMA used in this work was prepared by atom transfer radical
polymerization via a procedure similar to that for the PDMAEMA in Chapter 4. The DP was also
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56, and the Mn,SEC and Đ from SEC analysis were 9.1 kDa and 1.18, respectively, with respect to
polystyrene standards.
After the click reaction, the reaction mixture was passed through a basic alumina/silica gel
column to remove the catalyst and the polymers were transferred to a solvent mixture of ethanol
and water (1 : 1, v/v). The unreacted side chains were removed by 11 rounds of centrifugal
filtration at 5000 rpm using a 50 kDa MWCO centrifugal filter. The complete removal of unreacted
PEO and PDMAEMA side chains was confirmed by SEC analysis (Figure 5.1), yielding a pure
bottlebrush polymer (SMB-M). The side chain composition of SMB-M was determined by 1H
NMR analysis to be 59.3 mol% PEO and 40.7 mol% PDMAEMA (Figure 5.2A). The grafting
density of SMB-M was 80.8 %, calculated by using the peak area ratio of the bottlebrushes and
the unreacted side chains (69.0% : 31.0%) in the SEC trace at the end of the click reaction, the
feed ratios, and the side chain composition of SMB-M as described for SMB-11 in Appendix B1.
Using the method presented in Appendix B2 for SMB-11 and -22 in Chapter 4, the calculated
weight-average molecular weight was 8.49  106 g/mol.
In the second step, the tertiary amine groups in SMB-M were quaternized by iodomethane in
acetonitrile at room temperature, producing SMB-Q. 1H NMR spectroscopy analysis showed that
the quaternization reaction was quantitative (Figure 5.2B), as indicated by the complete
disappearance of the peaks located at 2.28 ppm (-N(CH3)2 of PDMAEMA) and 2.57 ppm (OCH2CH2N(CH3)2 of PDMAEMA) and the emergence of the peak at 3.35 ppm (-N+(CH3)3)
(Figure 5.2). SMB-Q was purified by dialysis against Milli-Q water. The calculated weightaverage molecular weight was 1.22  107 g/mol. The characterization data for PHEMA-N3, both
alkyne end-functionalized side chain polymers, SMB-M, and SMB-Q are summarized in Table
5.1. as well as calculated grafting densities and weight-average molecular weights.
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Figure 5.1. Size exclusion chromatography (SEC) curves of the reaction mixture at the end of the
click reaction (red) for the synthesis of SMB-M and the purified brushes (blue). The SEC
chromatograms were obtained on a SEC system equipped with GRAL columns and DMF
containing 50 mM LiBr as the eluent at 50 °C.
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Figure 5.2. 1H NMR spectra of (A) purified SMB-M in CDCl3 and (B) SMB-Q in D2O.
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Table 5.1. Characterization Data for PHEMA-N3, Alkyne End-Functionalized PEO, PDMAEMA,
SMB-M, SMB-Q, and PDMAEMA-Q.
Polymer Sample
Molecular Weight and Đ
DP or Grafting Density ()
PHEMA-N3

DP = 434 per arm a

Mn,SEC = 2.25  105 Da, Đ = 1.16e

PEO

DP = 114 b

Mn,SEC = 8.4  103 Da, Đ = 1.04 f

PDMAEMA

DP = 56 a

Mn,SEC = 9.1  103 Da, Đ = 1.18 e

SMB-M

 = 80.8% c

Mw,cal = 8.22  106 Da g

(PEO/PDMAEMA)

(molar ratio: 59.3% (PEO):
40.7%) d

SMB-Q

Quaternization conversion:

(PEO/PDMAEMA-Q)

100%

Mw,cal = 1.22  107 Da g

a

Degree of polymerization (DP) was calculated from the monomer-to-initiator molar ratio and the
monomer conversion (obtained from 1H NMR analysis). b The DP of PEO was calculated from the
molecular weight of 5000 g/mol provided by the vendor. c The value of grafting density () was
calculated using the ratio of SEC peak areas of the bottlebrushes and the unreacted side chain
polymers in the final reaction mixture, the feed ratios of the star backbone polymer to the side
chain polymers, and the side chain composition of the purified bottlebrush polymer determined by
1
H NMR analysis. d The molar ratio of PEO to PDMAEMA was determined from the 1H NMR
spectrum of the brush polymer. e Mn,SEC and Đ were determined by SEC relative to polystyrene
standards using a SEC system with GRAL columns and DMF containing 50 mM LiBr as solvent.
f
Mn,SEC and Đ were determined by SEC relative to polystyrene standards using a SEC system with
Mixed C columns and THF as solvent. g The calculated absolute molecular weight (Mw,cal) was
obtained using the weight-average molecular weight of PHEMA-N3 and the side chain polymers
calculated from the DP and the dispersity (Mn × Đ), the grafting density, and the side chain
composition.
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5.3.2. Dynamic Light Scattering Study of the Effects of Various Salts on the Conformation
of SMB-Q in Milli-Q Water at 25 °C
Six salts were used in this study to investigate their effects on the conformation of SMB-Q in
Milli-Q water at 25 °C: Na2S2O8, NaClO4, NaSCN, sodium salicylate (NaC7H5O3), and sodium
thiosalicylate (NaC7H5O2S). S2O82- is a super CA, causing a decrease of 2.04 hydrogen bonds in
the solvation shell, and ClO4- is a moderate CA with a loss of 1.27 hydrogen bonds in the
surrounding solvation shell.27 SCN- is a relatively weak CA as shown in a previous study from our
group that a star brush polymer composed of PEO and PDMAEMA, similar to SMB-M, did not
exhibit a full collapse in acidic water even at a SCN- concentration of 300 mM.18 SO42- is a
kosmotropic anion, with an effective increase of 0.78 hydrogen bonds in the solvation shell around
it.27 It is unclear whether salicylate and thiosalicylate are chaotropic or kosmotropic; they were
included in this study because we wanted to see if these two anions from drugs can induce large
conformational changes of SMB-Q. Note that the counteranion of quaternary ammonium cations
in SMB-Q is I-, which is a chaotrope.27 Since I- existed in all the solutions at the same
concentration, we believe that the effects observed here are from the anions in the salts.
Aqueous solutions of 0.1 mg/g SMB-Q in Milli-Q water were prepared and the concentration
of each salt was incrementally increased. Figure 5.3 shows the plots of apparent hydrodynamic
diameter (Dh) for 0.1 mg/g SMB-Q in Milli-Q water at 25 °C as a function of salt concentration
for the six salts. The initial Dh values varied from 85.6 to 95.8 nm and is believed to result from
the filtration in the sample preparation process. For all the six salts, as the salt concentration
increased, the hydrodynamic diameter of SMB-Q decreased but at different speeds. For S2O82-, the
Dh decreased sharply by ~ 49 nm from 0.05-0.25 mM and then increased slightly upon further
increasing the salt concentration. The smallest value of Dh, 43.1 nm, was found at 0.25 mM. In the
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Figure 5.3. Apparent hydrodynamic diameter (Dh) of SMB-Q in Milli-Q water at 25 C as a
function of increasing salt concentration for sodium persulfate (black square), sodium perchlorate
(blue circle), sodium thiocyanate (dark cyan up-pointing triangle), sodium salicylate (violet downpointing triangle), sodium thiosalicylate (magenta diamond), and sodium sulfate (orange star). All
data points shown here are single size distributions except the concentration of 10 mM for NaClO4.
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concentration range for S2O82- shown in Figure 5.3, single size distributions were observed;
examples are included in Figure 5.4A. This strong and sharp decrease in Dh was expected since
S2O82- is a super CA. The cause of the slight increase in Dh is unclear but has been observed before
after the collapse of molecular bottlebrushes.18 Compared with a protonated star brush polymer
similar to SMB-M in water at pH 4.00,18 the minimum salt concentration for achieving a nearly
full collapse of SMB-Q was noticeably lower (0.2 mM vs > 0.6 mM) and the transition was sharper.
For ClO4-, the Dh decreased sharply by ~ 28 nm from 1-5 mM and then large aggregates
appeared at 10 mM as shown in Figure 5.4B. The smallest Dh was 56.8 nm observed at 5 mM
NaClO4, which is significantly lower than the minimum concentration of the same salt (~ 150 mM)
for the protonated star brushes composed of PEO and PDMAEMA side chains (similar to SMBM) reported by Kent et. al.18 The size transition induced by ClO4- occurred at a salt concentration
roughly one order of magnitude higher than S2O82-. The size decrease for SCN- occurred slightly
less sharply than for ClO4- and was ~ 30 nm when the salt concentration was increased from 0.01
mM to 200 mM. At 200 mM, the Dh was 66.0 nm, with a single size distribution (Figure 5.4C). In
contrast, for protonated brushes of similar compositions to SMB-M, only a gradual decrease of ~
15 nm was observed when the concentration of SCN- was increased from 0.01 to 300 mM.18
Kosmotropic SO42- exerted only a small effect on the conformation of SMB-Q, with a gradual
decrease of ~ 13 nm from 0.01 to 100 mM (Figure 5.4D), similar to its effect on SMB-11 and -22
in acidic water described in Chapter 4. All of these indicated that the quaternary ammonium cations
in SMB-Q are a stronger chaotrope than the protonated tertiary amine groups of PDMAEMA under
acidic conditions, as expected.
Very interestingly, for both salicylate and thiosalicylate anions, SMB-Q exhibited a
pronounced size reduction transition, with a decrease of ~ 28 nm for salicylate from 0.01 mM to
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Figure 5.4. Hydrodynamic size distributions obtained from DLS measurements at 25 °C of 0.1
mg/g SMB-Q in Milli-Q water in the presence of Na2S2O8 (A), NaClO4 (B), NaSCN (C), Na2SO4
(D), sodium salicylate (E), and sodium thiosalicylate (F) at various concentrations. Large species
were observed at 10 mM NaClO4 in (B).
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100 mM (Figure 5.4E) and ~ 35 nm for thiosalicylate from 0.01 mM to 50 mM (Figure 5.4F). The
size transitions induced by the two drugs occurred in the salt concentration ranges that were
between those for ClO4- and SCN-, and the breadths of the transition zones was similar to that of
SCN- but broader than ClO4-. These observations seemed to suggest that both salicylate and
thiosalicylate were CAs, with a strength likely between ClO4- and SCN-. On the other hand,
salicylate and thiosalicylate have aromatic rings that can interact with the cation through π-cation
interactions,29,30 which could also contribute to the interactions between the brushes and the anion.
The size transitions induced by chaotropic S2O82-, ClO4-, and SCN- are believed to be caused
by the enthalpically favorable formation of tight ion pairs with quaternary ammonium cations in
SMB-Q. The ion pairing decreased the solubility of the quaternized PDMAEMA side chains in
water and drove SMB-Q to collapse into more compact structures with soluble PEO side chains as
a stabilizer. To confirm the solubility change of the quaternized PDMAEMA side chains in the
presence of a CA, we quaternized alkyne-end-functionalized PDMAEMA with iodomethane. 1H
NMR spectroscopy analysis showed that the reaction was complete (Figure 5.5); the obtained
polymer is denoted as PDMAEMA-Q.
To study the influence of NaClO4 on the solubility of PDMAEMA-Q in water, aqueous
solutions of PDMAEMA-Q with a concentration of 5 mg/g were prepared. Without adding
NaClO4, the solution stayed clear in the temperature range of 0 – 100 C. NaClO4 was then added
and the salt concentration was gradually increased. At 5 mM of ClO4-, the solution was also
completely clear from 0 to 100 °C. When the concentration of ClO4- was increased to 50 mM, the
solution turned cloudy at room temperature (~ 20 C) and became clear upon heating, indicating a
upper critical solution temperature (UCST) transition. The cloud point was found to be 29 C upon
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Figure 5.5. 1H NMR spectra of alkyne-end-functionalized PDMAEMA in CDCl3 (A) and
PDMAEMA-Q in D2O.
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cooling. Similar UCST transitions were observed at the NaClO4 concentrations of 100 mM and
500 mM and the cloud points were found to be 48 and 88 °C, respectively. Optical photos for
solutions of PDMAEMA-Q with 50 and 100 mM NaClO4 are shown in Figure 5.6. This study
confirmed the solubility decrease of PDMAEMA-Q in the presence of NaClO4 with a sufficiently
high concentration, which induced the size transition of SMB-Q observed by DLS (Figure 5.3). In
addition, we also studied Na2SO4. No change in the solubility of PDMAEMA-Q in water was
observed even when the concentration of NaSO4 was increased to 500 mM.

5.4. Conclusions
In summary, we synthesized a heterografted three-arm star brush polymer composed of 5 kDa
PEO and PDMAEMA-Q side chains, SMB-Q, and studied the effects of six anions (super
chaotropic S2O82-, moderately chaotropic ClO4-, relatively weak chaotropic SCN-, kosmotropic
SO42-, salicylate, and thiosalicylate) on the conformation of SMB-Q in water DLS. Pronounced
size reduction transitions of SMB-Q were observed for S2O82-, ClO4-, SCN-, salicylate, and
thiosalicylate. The results for S2O82-, ClO4-, SCN-, and SO42- are consistent with those reported
previously and in Chapter 4. The observations suggest that salicylate and thiosalicylate anions are
likely chaotropic; the data also indicated that the ammonium cations in SMB-Q are a stronger
chaotrope than the protonated PDMAEMA in acidic water. The chaotropic anion-induced collapse
of SMB-Q is presumably caused by the pairing of chaotropic ammonium cations and chaotropic
anions, resulting in a decrease in the solubility of PDMAEMA-Q in water. This was confirmed by
testing the solubility of a quaternized PDMAEMA in water with the addition of NaClO4. The
finding that salicylate and thiosalicylate can induce pronounced conformational changes of SMBQ is particularly interesting, which may have potential applications in drug delivery.
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Figure 5.6. Optical photographs of quaternized alkyne end-functionalized PDMAEMA
homopolymer, PDMAEMA-Q, at various concentrations of NaClO4 and temperatures in Milli-Q
water.
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Chapter 6: Conclusions and Future Work
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This dissertation work focused on the synthesis and responsive behavior of two classes of
stimuli-responsive

polyelectrolytes:

thermoresponsive

zwitterionic

poly(sulfobetaine

methacrylate)s (PSBMAs) and charged shape-changing heterografted star molecular bottlebrushes
(MBBs). In the first part, a series of PSBMAs with differing N-substituents were synthesized to
establish a clear structure-solution behavior relationship and for investigating PSBMAs as
potential kinetic hydrate inhibitors for gas and oil transportation. In the second part, we studied
the effects of temperature on chaotropic anion-collapsed star MBBs with heterografted
poly(ethylene oxide) (PEO) and poly(N,N-dialkylaminoethyl methacrylate) side chains in acidic
water and the salt-responsive behavior of three-arm star polyelectrolyte MBBs with permanent
quaternary ammonium groups in water.
In Chapter 2, we synthesized a series of PSBMAs with systematically varied N-substituents
and studied the effects of N-substituents on solution behavior of PSBMAs in water.1 Through
multi-step organic synthesis procedures, we prepared a set of zwitterionic SBMA monomers with
two symmetric N-n-alkyl substituents containing 1, 2, 4, 5, or 6 carbon atoms in each substituent
and with two asymmetric N-substituents comprising one methyl group and either a cyclohexyl or
a phenyl or a 2-hydroxyethyl group. These monomers were polymerized and the obtained
zwitterionic polymers were purified by dialysis. The solution behavior of these PSBMAs in water
was first visually inspected and then for thermoresponsive PSBMAs the cloud points were
measured by UV-Vis spectrometry. The behavior of the PSBMAs with symmetric N-n-alkyl
substituents in water changed from UCST to soluble, LCST, and insoluble with the increase of the
alkyl length. This behavior pattern presumably originates from two competing effects. Increasing
the length of N-n-alkyl substituents weakens the electrostatic attractive interactions between
zwitterionic groups while increasing the hydrophobic effect. For the PSBMAs with two
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asymmetric N-substituents, when the N-n-hexyl substituent is changed to N-cyclohexyl while
maintaining the other N-methyl group, the lower critical solution temperature (LCST)-type
thermoresponsive property disappeared and the polymer became totally soluble in water due to the
decreased hydrophobic effect. Switching the N-n-hexyl with a N-phenyl substituent changed the
behavior of the polymer in water from LCST to upper critical solution temperature (UCST).
Introducing a 2-hydroxyethyl group as an N-substituent while keeping the N-methyl group
enhanced the attractive zwitterionic interactions, producing a UCST thermoresponsive polymer.
We further showed that the cloud points of UCST-type thermoresponsive zwitterionic polymers
can be readily tuned by copolymerization of two zwitterionic monomers with different monomer
ratios. This study improves our understanding of the structure-property relationship of zwitterionic
PSBMAs and provides a guideline for design of both LCST- and UCST-type thermoresponsive
zwitterionic polymers as well as completely water-soluble zwitterionic polymers.1,2
In a collaborative effort presented in Chapter 3, we and Professor Malcolm Kelland’s group in
Norway investigated the potential of our zwitterionic PSBMAs with N-n-alkyl substituents as
kinetic hydrate inhibitors (KHIs) for gas and oil transportation.3 We prepared a series of
zwitterionic polymers, including PSBMA homopolymers with a methyl and either an n-butyl, an
n-pentyl, or an n-hexyl group at the nitrogen atom and copolymers of a zwitterionic SBMA
monomer containing an N-methyl and an N-n-hexyl substituent (M16) with isopropyl
methacrylamide. KHI testing showed that the homopolymers and copolymers of M16 were very
promising; their performances were similar to commercially used poly(N-vinylcaprolactam).
Chaotropic effect is now employed as a generic driving force for supramolecular assembly.
Combining chaotropic ion pairing and chaotropic effect, our research group previously showed
chaotropic anion (CA)-induced star-to-globule shape transitions of three-arm star MBBs with
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heterografted poly(ethylene oxide) (PEO) and either poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA) or poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA) side chains in acidic
water (SMB-11 and SMB-22, respectively).4 Given that the ion pairing of chaotropic cations and
anions is an enthalpic effect, we hypothesized that heating might be able to induce globule-to-star
shape transitions of CA-collapsed star brushes in acidic water. We showed in Chapter 4 that the
globular bottlebrushes collapsed by super CAs such as [Fe(CN)6]3- and [Fe(CN)6]4- remained in
the collapsed globular state upon heating to 70 C, while moderate CA (ClO4- and PF6-)-collapsed
SMB-11 and -22 in pH 4.50 acidic water exhibited a UCST-type globule-to-star shape change
when heated to 70 C. In contrast, weak chaotropic I- and kosmotropic SO42- had only small effects
on the conformations of both brush polymers in acidic water in the studied concentration range;
the sizes of SMB-11 and -22 in the presence of I- and SO42- also showed small, gradual variations
in the studied temperature range. Given the large number of possible CAs, the finding that CAcollapsed brushes exhibited different thermoresponsive behavior could allow us to design tailored
stimuli-responsive systems for specific needs in application.
Finally, on the basis of the hypothesis that iodomethane-quaternized PDMAEMA might be
stronger chaotropic cations than the protonated PDMAEMA, we studied the salt-responsive
behavior of a permanently charged star brush polymer with heterografted PEO and CH3Iquaternized PDMAEMA (PDMAEMA-Q) side chains in water at 25 C (the brush polymer is
denoted as SMB-Q). Dynamic light scattering was employed to examine the effects of six anions
(super CA S2O82-, moderate chaotropic ClO4- and SCN-, kosmotropic SO42-, salicylate, and
thiosalicylate) on the conformation of SMB-Q in water. SMB-Q exhibited a pronounced size
reduction transition for all the anions except SO42- but at different anion concentrations. As
expected, the size transitions induced by super and moderate CAs (S2O82-, ClO4-, and SCN-)
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occurred at significantly lower concentrations compared with unquaternized star brushes,
suggesting that the quaternized ammonium groups in SMB-Q are stronger chaotropic cations than
the protonated PDMAEMA. The DLS results also suggested that salicylate and thiosalicylate,
which are drugs, might be CAs. Moreover, we found that the addition of moderate chaotropic
ClO4- induced UCST-type phase separation of PDMAEMA-Q in water, which confirmed that the
size transitions of SMB-Q observed by DLS resulted from the ion pairing of chaotropic cations
and CAs. Given the widespread use of polyelectrolytes, the finding described in Chapter 5 could
further enhance our understanding of the behavior of polyelectrolytes under various conditions.
As can be seen from above, zwitterionic polymers and polyelectrolyte MBBs possess many
interesting properties that could increase opportunities for design of novel materials for various
applications such as anti(bio)fouling,5 lubication,6, and drug delivery.7 The first part of this
dissertation work contributes a much-needed understanding to the structure-solution behavior of
PSBMAs in water, opening up more possibilities for PSBMAs in the fields of, e.g., coatings and
biomedicines. The second part of this dissertation research enhances our understanding of the
responsive properties of polyelectrolyte MBBs in aqueous solution. Future work for zwitterionic
polymers could include the development of non-PSBMA-based zwitterionic polymers to further
our understanding of the structure-solution property relationship and the design of
thermoresponsive zwitterionic homopolymers that can exhibit both UCST- and LCST-type
solution behavior with tunable transition temperatures. Future work of polyelectrolyte MBBs
could be salt-induced assemblies of MBBs in solution that are sensitive to magnetic and electric
fields. Additionally, it would be exciting to confirm and further investigate drug anion-induced
shape transitions of polyelectrolyte MBBs, which might be useful in drug delivery.
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